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1 Introduction

The U.S. Army Corps of Engineers is responsible for designing and
maintaining a large number of navigation and flood-control structures. Massive
unreinforced concrete gravity walls serve many uses at many of these hydraulic
structures. These concrete gravity structures are used as lock walls, are typically
founded on rock, and are subjected to large differential water and earth loadings.
These structures must maintain their internal structural integrity and be stable
with respect to sliding and overturning. However, some rock-founded,
unreinforced concrete gravity lock walls have experienced cracking as a result of
earth loadings in excess of those anticipated during structural design. Examples
of four such locks are discussed in Ebeling, Patev, and Mosher (1996). The
objective of this study is to appraise two analytical procedures used to evaluate
the potential for and/or the extent of cracking within massive concrete structures.
The case history of Snell Lock on the St. Lawrence Seaway is used in this study.
Snell Lock was chosen because it is one of the lock case histories in Ebeling,
Patev, and Mosher (1996) for which the earth and water loadings and the
engineering properties for the unreinforced mass concrete are well defined. A
few years after the lock was put in service, a crack was found to extend from the
landward-ceiling corner of the filling and emptying culvert through the mass
concrete to the exterior backfilled face of the lock wall.

The two analytical procedures available for use in analyzing hydraulic
structures that may exhibit cracking during loading are formulated based on
either the smeared crack theory or the discrete crack theory. One procedure is
based on the smeared crack theory and has been implemented in the computer
program ANACAP (ANATECH Corporation 1997). The second procedure uses
the discrete crack theory and has been implemented in the computer program
MERLIN (Reich, Cervenka, and Saouma 1995).

Chapter 2 discusses the material specifications and design mixes for the mass
concrete, the construction history, the loading history, and engineering material
properties for Snell Lock and its backfill.

Chapter 3 discusses the results of a complete evaluation of crack potential of
Snell Lock using smeared crack theory. Cracking potential and crack extent for
the lock are assessed for both short-term end-of-construction earth loading and
long-term earth and water loadings.
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Chapter 4 discusses the results of an application of discrete crack theory to
the evaluation of Snell Lock for both short-term earth loading and long-term
earth and water loadings.

Chapter 5 summarizes the results of this research study and the application of
both smeared crack theory and discrete crack theory to the case history of Snell
Lock.

Appendix A presents the results of equilibrium calculations used to transform
the earth (both horizontal and vertical shear) and water loadings from those
acting along a plane extending vertically from the heel of the lock wall up
through the backfill to those forces acting along the backfill-to-lock interface of
the lock.

Appendix B summarizes the results from a limited literature survey of the
results for unreinforced concrete laboratory specimens tested to failure. These
test results are interpreted using discrete crack theory.

Appendix C presents figures showing the variations of the compressive
strength results with time using data reported by Buck, Mather, and Thorton
(1967) and by Mosher, Bevins, and Neeley (1991) for tests conducted on Snell
Lock concrete specimens.
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2 Snell Lock

2.1 Introduction

The Snell Lock was constructed between 1955 and 1958 as part of an
international cooperative effort between the United States and Canada to build
the Saint Lawrence Seaway. The project was placed in service in the spring of
1959. The U.S. portion of the project was authorized by the Wiley-Dondero Act
of 13 May 1954. This act also created the Saint Lawrence Seaway Development
Corporation (SLSDC) to construct, operate, and maintain the lock. SLSDC
contracted with the U.S. Army Corps of Engineers to design and construct Snell
Lock and its sister lock, Eisenhower.

The Snell and Eisenhower Locks are located in the Wiley-Dondero Canal
portion of the Saint Lawrence River just north of Massena, NY. The locks are
about 4 miles (6.4 km) apart, and together they allow vessels to transit around the
Saint Lawrence Power Project.

The Snell and Eisenhower Locks have lifts of 45 to 49 ft (13.73 m to
14.95 m) and 38 to 42 ft (11.59 to 12.81 m), respectively. The chambers are 80 ft
(24.4 m) wide and 860 ft (262.13 m) long from upstream miter gate to
downstream miter gate, and the locks have 30 ft (9.15 m) of water depth over the
sills.

2.2 The Lock Wall and Concrete Design Mixtures

Figure 2-1 shows a typical cross section through the chamber at Snell Lock.
These two rock-founded gravity retaining structures composing the lock were
designed in 1942 by the U.S. Army Corps of Engineers using then-state-of-the-
art practices (U.S. Army Corps of Engineers 1942). The lock walls were
designed as mass concrete structures. Buck, Mather, and Thorton (1967) and
Mather (1967) provide details regarding the concrete mixtures and construction
specifications for the lock walls. The following information is taken from these
reports.

Each monolith is composed of about 40 percent interior grade concrete and

60 percent exterior grade concrete. Typical concrete mixtures are given in
Table 2-1. The concrete mixtures for exterior grade concrete differ according to

Chapter 2 Snell Lock




(w g0¢ 0 Aq Aldijnw ‘sie)awi 0] HBAUOD O]
‘wnjeq [eSIHNBA 21}9p0as) [BUOIIBN SU) 0} Pa.lo)dl 193} Ul 818 SUOBAS[B) }00T ||BUS e lequieyd ay) ybnoiy) uojoss ssouo [eaidAl  * -z ainbi4

IIvM HLNOS TIvm HLYUON
08 o8
00l s 001
ozl 03T
S TIL WIOVID
obl Av 13)NVIE ovl
E _\ 39vNIvHa
09l ! — T = ' 091
081l THL WVIOVID TiL WIOVID 081
a3LOVdWOD ! 0 Q3LOVdNOD

002 |z y - N 002

3 |

0ee : . 0ce

Chapter 2 Snell Lock



Table 2-1

Typical Concrete Mixtures for Snell and Eisenhower Locks
(from Buck, Mather, and Thorton 1967)

Use Exterior Exterior Interior
Maximum size aggregate, in. | 6 3 6
Water-cement ratio, wt 0.49 0.49 0.64

Cement factor, bags/cu yd 3.80 to 3.88 4.20 275

Ratio of fine to total

aggregrate, % by vol 23 28 23

Air, %' 6.1 5.7 6.2

Slump, in. 1-1/2 to 2-1/2 1-1/2 to 2-1/2 1-1/2 to 2-1/2

Note: 1 in. =25.4 mm.
' In portion of concrete mixture smaller than the 1-1/2-in. sieve.

the maximum size aggregate being used, 6 in. (152.4 mm) or 3 in. (76.2 mm).
More than 80 percent of the concrete contained 6-in. (152.4-mm) aggregate.
Type II portland cement (moderate heat of hydration) was obtained from a
number of sources. The specifications permitted the use of natural cement as a
replacement for 25 percent by weight of the portland cement. The contractor for
the Eisenhower Lock elected to use natural cement as a replacement for portland
cement while the contractor for Snell Lock did not.

The use of interior concrete resulted in a reduction in heat evolution and
ultimately a cost savings. Layers of concrete were required to be 20 in. (0.51 m)
thick, and lifts were restricted to a height of 5 ft (1.52 m) in monoliths more than
16 ft (4.88 m) wide. It was required that 120 hours elapse between lifts. Concrete
was required to be moist-cured 14 days, except in isolated cases where
membrane-forming curing compounds were permitted. During cold weather the
concrete was to be maintained at a temperature above 40 °F (4 °C) for at least
5 days and above freezing for the remaining 9 days of the 14-day curing period.
Concrete was required to be at a temperature of at least 40 °F (4 °C) and not
more than 60 °F (16 °C) when placed.

All concrete was air-entrained (Table 2-1). The coarse aggregate was crushed
stone, and the fine aggregate was either crushed stone or natural sand or a
combination of both. The crushed stone was dolomite from Beekmantown
formation produced near Helena, NY, about 12 miles (19.3 km) from the jobsite.
A natural sand was blended with manufactured sand during much of the work to
facilitate compliance with grading requirements. The proportion of natural sand
varied from 0 to 25 percent, and was greater near the completion of the work.
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2.3 Dates of Construction of Lock Walls and
Backfilling

Snell Lock was constructed during 1956 and 1957. The first construction
season (1956) ended with the onset of winter and saw concrete placement for the
two lock walls to within the region defined by the floor of the culverts. The last
lift was placed on 9 November. No construction took place during the winter due
to temperature restrictions on the curing of concrete imposed by the Corps of
Engineers. Construction of the lock walls started again in the spring of 1957, and
the last lift was placed 23 July. The remaining 90 to 95 percent of backfilling (in
elevation) of the two lock walls commenced about this time.

2.4 Concrete Deterioration at Eisenhower Lock

The concrete deterioration problem at Eisenhower Lock has been linked to
the natural cement used in the concrete mix. Recall that the mix at Eisenhower
contained 25 percent by weight natural cement and 75 percent by weight portland
cement. Based on a review of the available data and reports on the concrete
deterioration, the mechanism of the concrete deterioration is freezing of water in
the pores of the concrete. While the mechanism of the concrete deterioration is
clear, the reason the concrete at Eisenhower Lock is less resistant to deterioration
than the concrete at Snell Lock is less clear.

The concrete mixture at both Eisenhower and Snell Locks varies throughout
the structures depending on the locations. The concrete mix design was the same
at both locks except for the 25 percent by weight of natural cement. A detailed
investigation of concrete at the two locks was conducted by the U.S. Army
Engineer Waterways Experiment Station (Buck, Mather, and Thorton 1967).

Both the Corps (Buck, Mather, and Thorton 1967) and Harza Engineering
Company (1981) cited the slow development of the strength of the concrete at
Eisenhower Lock as the most plausible reason for the lower resistance to frost
damage. The available evidence from the construction records and laboratory
experiments shows that the Eisenhower concrete developed strength more slowly
than did the Snell concrete. Based on the construction data, it would have taken
about 12 and 37 days, respectively, for the Snell and Eisenhower exterior grade
concrete made in 1956 to reach a strength of 3,000 psi (20.68 MPa) (Buck,
Mather, and Thorton 1967).

It was required that the concrete be kept at a temperature above 40 °F (4 °F)
for 5 days and above freezing for 14 days. Buck, Mather, and Thorton (1967)
reported that climatological data at Eisenhower and Snell Locks show that the
cores for the concrete placed 24-27 September and 2-26 October 1956 would
have been subject to freezing at an age between 14 and 18 days. The exterior
concrete at Eisenhower Lock placed during 1956 had an average 28-day
compressive strength of 2,812 psi (19.39 MPa) compared with a 28-day
compressive strength at Snell Lock of 3,954 psi (27.26 MPa). The results of tests
of cylinders made during construction showed significant differences that
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persisted to the greatest age at which such tests were made. For example, the
6-month averages were 3,810 psi (26.27 MPa) for Eisenhower and 5,080 psi
(35.03 MPa) for Snell. Yet by 1966, samples of nondeteriorated concrete from
comparable locations within Eisenhower and Snell Locks had compressive
strengths approaching one another, 5,160 psi (35.58 MPa) (range 4,190 to

5,860 psi; 28.89 to 40.40 MPa) and 5,550 psi (38.27 MPa) (range 4,760 to
6,450 psi; 32.82 to 44.47 MPa), respectively (Buck, Mather, and Thorton 1967).

Buck, Mather, and Thorton (1967) regarded the slow development of
concrete strength as the most probable reason for the low durability of the
concrete at Eisenhower Lock. If the concrete had matured enough, it should have
been just as frost resistant as the Snell concrete has proven to be in service. The
freezing of the concrete with low frost resistance introduced additional void
space, such as microcracks, that would not otherwise be present. This additional
void space, in excess of the entrained air-void system, which had been provided
for protection, would provide the location in which additional water could freeze
and produce progressive deterioration of the concrete.

A second study of Eisenhower and Snell Locks was conducted in 1991 by
Mosher, Bevins, and Neeley (1991). Six-in.- (152.4-mm-) diameter concrete
cores were recovered over the entire height of six lock monoliths (four at
Eisenhower Lock and two at Snell Lock). Figure 2-2 shows the compressive
strengths measured on 19 samples taken from Eisenhower Lock and on
10 samples taken from Snell Lock. The compressive strengths averaged
5,230 psi (36.06 MPa) (range 4,070 to 6,050 psi; 28.06 to 41.71 MPa) and
6,620 psi (45.64 MPa) (range 3,730 to 8,590 psi; 25.72 to 59.23 MPa),
respectively. The average compressive strength for the 1991 tests of cylinders
taken from Snell Lock was more than 1,000 psi (6.89 MPa) greater than the
average compressive strength measured in 1966. (The time-dependent variations
of compressive strength for Snell Lock exterior and interior concrete mixes are
presented in Appendix C.) However, the average compressive strengths were
nearly the same in the 1966 and 1991 studies for Eisenhower Lock.

The lower average value for compressive strength at Eisenhower from the
Mosher, Bevins and Neeley (1991) study is biased because of the larger number
of test specimens from the lower portion of the wall compared with specimens
from Snell, i.e., six from Eisenhower and only one from Snell. Comparing the
average compressive strength from specimens taken from the upper portion of
Eisenhower borings with the Snell average gives a difference of only 9 percent,
which is approximately the same difference reported by Buck, Mather, and
Thorton (1967).

Extensive concrete repairs have been made to the chamber faces, filling and
emptying culverts, gate recesses, pintle bases, and sills at Eisenhower Lock.
SLSDC has had an aggressive program to repair and replace deteriorated
concrete. Mosher, Bevins, and Neeley (1991) concluded that the concrete
deterioration at Eisenhower Lock will be a continuing problem.

Chapter 2 Snell Lock
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Figure 2-2. Variation of concrete compressive strengths with depth (from
Mosher, Bevins, and Neeley 1991) (1 ft=0.305m, 1 psi =
0.00689 MPa)

2.5 Culvert Cracks at Eisenhower and Snell Locks

In January 1967, during inspections of the Eisenhower Lock filling and
emptying culverts by SLSDC and Corps of Engineers personnel immediately
after winter dewatering, a continuous crack was observed along the landward-
ceiling corner of the culvert in the north wall. Further investigation revealed that
these cracks were continuous from the culvert through to the exterior backfilled
face of the lock wall. At the time, the crack leaked water in varying amounts
along its entire length, and fresh spalls of concrete were found lying on the
culvert floor beneath it. Subsequent detailed inspections and other pertinent
investigations revealed that the crack extended along the culvert between the
upper and lower valve monoliths.

After initial discovery of the crack in the north culvert, a close inspection
was made in the south culvert. The same kind of crack that existed in the north
culvert was present in the south culvert, at its landward-ceiling corner, as shown
in Figure 2-3. Its longitudinal extent was the same as that of the north culvert
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Figure 2-3. Typical section through south wall chamber monoliths at
Eisenhower Lock (from Mosher, Bevins, and Neeley 1991)
(1 ft = 0.305 m) (not to scale)

crack. Examination of the Snell Lock culverts revealed similar cracks in that
lock.

With these cracks extending through to the backfill, the overall stability of
the lock walls became a matter of serious concern. Under certain conditions, all
wall loads must be taken on the 15-ft- (4.57-m-) thick section (approximate
dimension) between the culverts and the faces of the lock chambers. This was
thought to be especially serious at Eisenhower Lock where portions of this
section were deteriorated and, thus, less capable of supporting the imposed loads.
The core boring program underway concerning the problem of deterioration was
enlarged to include exploration of these cracks. To obtain additional data on the
extent of the cracks and condition of the surrounding concrete, joint meters were
installed across the cracks to measure changes in the size of the cracks during
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lock operations. Bar joints were installed across the lock chambers to measure
relative movements of the lock walls, and an inclinometer was used to measure
tilting of the lock walls during operation. Alignment control was set up to
measure any lateral displacement of the wall, and piezometers were installed in
the backfill areas to provide information on saturation levels and drainage
patterns. Correlated flow measurements were taken of flows in the backfill
drains.

Based on this information and the information gained by the 1966-67
concrete survey, a determination was made by an SLSDC-convened Board of
Consultants that a complete rehabilitation program was necessary to guarantee
continued structural integrity and stability and to assure ability to operate the
locks. In a letter of June 26, 1967, from the Administrator, the Corps of
Engineers was requested to perform the necessary design and contracting
services concerning the proposed rehabilitation program for the Eisenhower and
Snell Locks to restore the locks to a condition of full stability.

Priority was given to Eisenhower Lock. The rehabilitation work for the
crack consisted of placing post-tensioned anchors across the culvert crack (both
walls). This was accomplished during the winter shutdown of 1967-68 by
contract with Peter Kiewit and Sons. Similar post-tensioned anchors were placed
across the culvert cracks at Snell Lock during the winter of 1968-69 under
contract with Morrison-Knudsen.

2.6 Rehabilitation of Eisenhower and Snell Locks
Using Post-Tensioned Anchors

The north and south walls of the Eisenhower and Snell Locks have 14 mono-
liths with narrow tops and sloping backs. Figure 2-1 shows a typical section for
Snell Lock. These walls in the chamber portion of the locks are 606 ft (184.7 m)
long. Eighty-two and eighty-three anchors were installed in the north and south
walls, respectively, of each lock (Figure 2-3). Six 636-kip (2,829-kN) anchors
were installed in each monolith at an average spacing of 7.33 ft (2.23 m).

Review of data and stability analyses shows that the saturation level in the
backfill was at el’ 221.0 ft (67.36 m) at the time of anchor installation. This
elevation is 16 ft (4.88 m) higher than was designed for originally. A field
inspection of drainage pipe and dye tracing study of the drainage blanket
conducted in 1986 by Gannett Fleming Geotechnical Engineering, Inc. (1986),
Harrisburg, PA, shows the drainpipe to be operational and continuous. From
historical data and recent observations it was determined that the static
groundwater level is at the drain invert in the drainage blanket for the soil below
the blanket. These data also show that the soil is saturated up to 18 ft (5.49 m)
above the drain in the same locations. These high piezometer levels observed in
the upper portion are the result of a perched water table fed by the water level in

! All elevations (el) cited herein are in feet referred to the National Geodetic Vertical Datum
(NGVD). To convert elevations to meters, multiply by 0.305.
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the natural soil. While the drainage blanket and pipe are functioning, they are not
connected to the soil above the drainage blanket.

In February 1989, SLSDC and the Corps of Engineers conducted an anchor
investigation program at Eisenhower Lock. The objective of the investigation
was to determine whether the post-tensioned anchors in the chamber monoliths at
Eisenhower Lock had sustained any significant corrosion due to water leakage
through the existing culvert cracks. Of the 165 anchors in Eisenhower Lock, two
anchors were examined, one in Monolith N-51 and one in Monolith S-17, at
locations near the greatest amount of leakage through the existing culvert cracks.
Significant corrosion was considered to have the greatest potential at these
locations. The investigation consisted of excavating the concrete from inside the
culvert to expose a short section of each anchor for visual inspection and
dimensional measurements.

Results of the anchor investigation showed that the grout was intact and
completely surrounded with the anchor strands in the exposed areas. The anchor
strands were observed to be as shiny as new and there was no evidence of any
surface corrosion or pitting. The results of this investigation showed that the
anchors were in excellent condition. It was further concluded that post-tensioned
anchors in Eisenhower Lock should remain structurally sound and should
adequately serve the anticipated life expectancy of the lock. It was concluded
that in any future structural evaluation of the lock, the existing anchors should be
assumed 100 percent effective.

2.7 Splitting Tensile Test Measurements

Thirty-one of the 6-in.- (152.4-mm-) diameter concrete cores recovered in
the 1991 study by Mosher, Bevins, and Neeley were used to measure the splitting
tensile strength of the concrete that composes the Eisenhower and Snell Locks.
Figure 2-4 shows the distribution with elevation of the tensile splitting strengths
measured on 21 samples taken from Eisenhower Lock and on 10 samples taken
from Snell Lock. The tensile splitting strengths averaged 581 psi (4.01 MPa)
(range 390 to 790 psi; 2.69 to 5.45 MPa) and 650 psi (4.48 MPa) (range 495 to
930 psi; 3.41 to 6.41 MPa), respectively.

2.8 In-Place Backfill Densities and Design Earth
Pressures

The four rock-founded, massive gravity retaining structures composing the
two locks were designed in 1942 by the U.S. Army Corps of Engineers using
then-state-of-the-art practices (U.S. Army Corps of Engineers 1942). The
horizontal earth pressures used in the designs assumed an equivalent fluid
pressure of 33 psf and 93 psf per foot (5.18 and 14.6 kPa per m) of depth for the
moist and submerged glacial till, respectively (U.S. Army Corps of Engineers
1942 or Diviney 1990).

Chapter 2 Snell Lock
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Figure 2-4. Variation of concrete tensile strengths with depth (from Mosher,
Bevins, and Neeley 1991) (1 ft = 0.305 m, 1 psi = 0.00689 MPa)

The size of the excavations during construction of the locks was significant
given the size of the monoliths (Figure 2-1). The excavated glacial till,
consisting of fine to coarse gravel and fine to coarse sand with some silt, was
stockpiled at the respective sites. The glacial till at Snell Lock is more fine
grained than the till at Eisenhower Lock (gradation curves in Figure 2, Diviney
(1990)). Backfilling commenced immediately after construction of the monoliths
was completed. Large off-road dump trucks and heavy, self-propelled and dozer-
drawn compactors were used to place and compact the backfill (Diviney 1990).

The in-place density of the backfill soil has been a point of controversy for
some time because of the high values measured by in situ tests. Assumed moist
densities from previous studies have ranged from 125 pcf (2,002.3 kg/m’) in the
1957 Corps Design Memorandum (U.S. Army Engineer District, Buffalo, 1957a,
1957b) to 140 pef (2,242.6 kg/m®) used in the Harza Engineering Company
(1981) study. Measured backfill density values from in-place tests range from a
low of 135.5 pcf (2,170.5 kg/m’) to a high of 150.6 pcf (2,412.4 kg/m®) (e.g.,
Empire Soils Investigation, Inc., 1985). Mosher, Bevins, and Neeley (1991)
evaluated all available information on density measurements at both locks and
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assigned total unit weights of 140 pcf (2,242.6 kg/m®) and 148 pef

(2,370.7 kg/m®) to the backfill soils of Eisenhower and Snell Locks, respectively,
for their soil-structure interaction analyses of the two locks. When these values
are used for the unit weights of soil backfill, the equivalent fluid pressures used
in the design of the two locks correspond to horizontal earth pressure coefficient
K, values between 0.21 and 0.24 for moist and submerged backfill soils. A total
unit weight equal to 148 pcf (2,370.7 kg/m®) is used in this analytical study of
Snell Lock.

2.9 In Situ Horizontal Earth Pressure
Investigations

In 1986 an in situ testing program was conducted using pressure meter
testing (PMT) and hydrofracture testing (HF) in the backfill of the two locks to
determine the state of horizontal (total) stress. Piezometers were also installed
during the field investigations to determine the pore-water pressures within the
backfills. Forty-three successful PMT tests were conducted in eight boreholes
(four at each lock) made to 60-ft (18.3-m) depths through the backfill over the
heel of the monoliths. Twenty HF tests were conducted in seven of the PMT test
boreholes. Details regarding the tests, measurements, and their interpretation are
described in Schmertmann (1986), Goldberg-Zoino and Associates (1986),
Gannett Fleming Geotechnical Engineering, Inc. (1986), and Diviney (1990).

Figure 2-5 shows the variation in horizontal (total) stress o, with elevation
from PMT and HF results for Snell Lock. The three dashed lines in this figure are
the mean 6 (mean), Mean plus standard deviation 67 mean + o) and mean minus
standard deviation G, gmean - ) computed from the PMT data. The dashed line
labeled o, shows the variation in total overburden pressure with elevation and is
included for reference. The solid line designated as best estimate was reported in
Diviney (1990), after Schmertmann (1986). (A companion figure showing the
data from PMT and HF testing conducted at Eisenhower Lock is Figure 6 in
Ebeling, Patev, and Mosher (1996).)

An independent statistical evaluation of the PMT test data shown in
Figure 2-5 was made by Ebeling, Patev, and Mosher (1996) using weighting
factors based on Schmertmann’s interpretation of the data. Schmertmann’s
interpretation of the test data included a qualitative evaluation of each test
(Schmertmann 1986 or Diviney 1990). He rated each data point as either very
good, good, fair, or poor. A subjective weight equal to 1.0, 0.5, 0.25 or 0,
respectively, was assigned to each data point according to Schmertmann’s rating.
Refer to Ebeling, Patev, and Mosher (1996) for details regarding the statistical
approach and relationships used in this study.

The average, or more precisely, the expected value of the PMT data was
computed and plotted in Figure 2-5 at each 10-ft (3.05-m) elevation increment,
corresponding to the elevations at which the in situ tests were conducted. The
standard deviation of the PMT data for Snell Lock is equal to 530 psf (25.3 kPa).

Chapter 2 Snell Lock 13
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(The standard deviation of the PMT data was twice as large for Eisenhower
Lock, 1,063 psf (50.9 kPa).)

Figure 2-5 shows the statistical evaluations made in the Ebeling, Patev, and
Mosher (1996) study (with subjective weights assigned to each Snell Lock data
point based on Schmertmann’s qualitative evaluation of the test data) to be in
agreement with the best estimate reported in Diviney (1990, after Schmertmann
1986). A similar conclusion was made by Ebeling, Patev, and Mosher for the
Eisenhower lock data.

Twenty-eight vibrating wire piezometers were installed in selected boreholes
at both locks. Data measured with this instrumentation were used to develop the
distributions of pore-water pressures with elevation in the backfill of Eisenhower
and Snell Locks (Ebeling, Patev, and Mosher 1996). Figure 2-6 shows the
resulting distribution for Snell Lock. The piezometers indicated a perched water
table approximately 30 ft (9.14 m) below the surface of the backfill at both locks.
The water pressures are hydrostatic to the top of drains in the backfill at both
locks. These drains, labeled as drainage blankets in Figure 2-1 for Snell Lock,
are at midheight within the backfill (approximately). Hydrostatic water pressures
were measured below the drains in the backfill.

The presence of the perched water table above the drains in the backfill was
an unanticipated source of load on the two locks. However, the soil-structure
interaction studies of the two locks by Mosher, Bevins and Neeley (1991)
demonstrated that this factor alone could not have been responsible for the cracks
in the four sections of lock walls.

Figure 2-6 shows the mean, mean plus standard deviation, and mean minus
standard deviation of the horizontal total earth pressure o, computed from the
PMT data by Ebeling, Patev, and Mosher (1996) for the two locks. The
corresponding horizontal effective earth pressure &, distributions are also shown

in this figure.

Figure 2-7 (Ebeling, Patev, and Mosher 1996) shows the mean, mean plus
standard deviation, and mean minus standard deviation of the horizontal effective
earth pressure o, for Snell Lock. The corresponding horizontal earth pressure
coefficient K;, distributions are also shown in this figure. This figure also shows
the distribution of vertical effective stress o, used to calculate K}, values.

Figure 2-8 (Ebeling, Patev, and Mosher 1996) shows the statistical
evaluations made in this study in terms of K}, for Snell Lock to be in agreement
with the best estimate reported in Diviney (1990, after Schmertmann 1986).

In addition, Filz and Duncan (1992, 1996), using the Duncan and Seed
(1986) compaction-induced earth pressure theory, applied their analytical model
for simulating compaction-induced earth pressures to a model of Eisenhower and
Snell Locks. Their results showed agreement with those PMT and HF test results
when the heaviest compactor was used in the model.

Chapter 2 Snell Lock 15
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Figure 2-8. Distribution of K, with elevation from statistical evaluation of PMT
and HF data at Snell Lock (from Ebeling, Patev, and Mosher 1996)
(1ft=0.305m)

In summary, the statistical evaluations made of the PMT and HF data for
Snell Lock by Ebeling, Patev, and Mosher (1996) show the best estimate of K,
reported in Diviney (1990, after Schmertmann 1986) to be a reasonable
interpretation of the data. Thus the Diviney best estimate of K}, is used in the
analyses to be discussed in subsequent chapters. The K}, profile exhibits high K,
values near the ground surface, which diminish with depth, reaching an
asymptote of approximately 0.75 at depths of approximately 60 ft (18.29 m) in
the Snell backfill and asymptotes to 0.71 in the Eisenhower backfill.

2.10 Conclusions of the Ebeling, Patev, and
Mosher Study

Ebeling, Patev, and Mosher (1996) concluded that the primary means of
loading that resulted in the cracking of the four culvert walls at Snell and Eisen-
hower Locks was the lateral earth loads. These structures were designed in the
early 1940s as massive concrete structures using equivalent fluid pressures to
account for the load imposed by the backfill. One index used by engineers to
characterize the magnitude of earth pressures is the horizontal earth pressure
coefficient K;. The values for K}, corresponding to equivalent fluid pressure used
in the design of the lock walls range from 0.21 to 0.24. The results from in situ
testing (PMT and HF tests) at Snell Lock show K, to range from 0.75 to 1.75,
depending upon elevation within the backfill (Figure 2-8). (The results from in
situ testing at Eisenhower Lock show Kj, to range from 0.71 to 2.15.) The
overcompaction of the backfill resulted in earth pressures larger than those
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anticipated during the design of the lock walls by factors ranging from 3 to 10,
depending on the elevation in the backfill.

Rehabilitation was accomplished using 165 post-tensioned anchors installed
in all four walls of Snell and Eisenhower Locks. Six 636-kip (2,829-kN) anchors
were installed in each monolith at an average spacing of 7.33 ft (2.23 m).

2.11 Cross-Section Used in the Smeared and
Discrete Crack Analyses

Snell Lock Monolith N-56, approximately midway along the 860-ft-
(262.13-m-) long lock chamber was selected for analysis. The geometry of this
monolith is representative of those defining the lock chamber at Snell.

Figure 2-9 shows a cross section of Monolith N-56. Monolith N-56 is 101 ft
(30.78 m) high and has a base width equal to 62 ft (18.9 m), corresponding to a
base-to-height ratio of 0.61. The top of backfill is level with the top of the lock,
el 205. The base of Monolith N-56 is at el 104. The backfill-to-monolith
interface extends vertically from the heel of the monolith to el 120. Above this
elevation the thickness of the monolith decreases with elevation. Starting at
el 120 the monolith-to-backfill interface is inclined at an angle of 35.18 deg from
vertical to el 176.75. Between el 176.75 and the top of backfill, el 205, the
monolith-to-backfill interface is vertical and the thickness of the monolith is a
constant 16 ft (4.88 m). The top of the 15-fi- (4.57-m-) wide by 16-ft- (4.88-m-)
high culvert used for filling and emptying the lock chamber is at el 132. The
closest distance from the landward-ceiling corner of the filling and emptying
culvert through the mass concrete to the exterior backfilled face of the lock wall
is 14.34 ft (4.37 m).
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Figure 2-9. The cross section of Snell Lock Monolith N-56 (1 ft = 0.305 m)
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3 Smeared Crack Analysis of
Snell Lock and Dam

3.1 Introduction

This chapter discusses the smeared crack analysis of Snell Lock Monolith
N-56. This analysis was performed to investigate if the cracking potential of the
mass concrete was present during the placement of the monolith. The primary
focus of the modeling effort was to determine if the thermal stress regime and lift
placement sequence including the eventual backfilling of the structure created the
cracking that was discovered in Monolith N-56. These cracks had formed from
the inner corner of the lower culvert to the inclined face of the landward surface.
The crack typically ran a distance across the throat of approximately 14.34 ft
(4.37 m) across.

The smeared crack theory uses a strength-of-materials approach to evaluate
crack initiation potential and/or crack propagation in a material. According to
the theory, cracks may develop on planes on which tensile strain and tensile
stress act. The largest tensile strain(s) and stress(es) will develop on principal
planes. In ANACAP, the finite element (FE) program used for this analysis, the
potential for cracking is evaluated on the three principal planes at each integra-
tion point within every element composing the mesh for each stage of loading.
ANACAP uses the strains acting on an infinitesimal cube at an integration point
to determine the orientation of the three principal planes. If the material is
isotropic and there is no pre-existing crack, then the three principal planes of
strain and stress are coincident and can be determined from the stresses acting on
the faces of an infinitesimal cube at the integration point. The principal values for
tensile strain and tensile stress on each of the three principal planes are then
compared to the smeared crack criterion specified for the material. Figure 3-1
shows an example of the criterion used in ANACAP. The diagonal line distin-
guishes crack initiation potential in Figure 3-1 and is defined by the two concrete
material properties, the tensile fracture strain € and Young’s modulus E(¢). If any
of these three pairs of principal strains and stresses is tensile (i.e., tensile fracture
strains and tensile fracture stresses) and exceeds the diagonal solid line in Figure
3-1, a crack develops on that plane. Otherwise, no cracking occurs on that plane.
Unlike linear elastic fracture mechanics, to be discussed in Chapter 4, crack
initiation is an explicit aspect of smeared crack theory.

Chapter 3 Smeared Crack Analysis of Snell Lock and Dam
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A CP (%) =1,/ (1, +1,) *100

Figure 3-1. Cracking potential diagram

For this, a detailed two-dimensional FE model was developed that needed to
account for both thermal and material properties of the concrete as well as the
ambient air temperatures and form placement and removal at the monolith. The
results from the FE model will focus on critical points during the construction
sequence at Snell Lock: the end of construction season in 1956 and the winter of
1957, the final lift placement in June 1957, and placement and compaction of
backfill in the fall of 1957. The cracking potential of mass concrete will be
identified during these critical periods.

3.2 ANACAP Finite Element Program

The FE program utilized for the smeared crack analysis was the PC version
of ANACAP (ANATECH 1997) developed by ANATECH Corporation of San
Diego, CA. The ANACAP program is a specialized FE package that has been
developed to perform thermal stress analysis with the capabilities to include
nonlinear time rate for the modulus, creep, and shrinkage of young to mature
mass concrete. Thermal stress analysis in ANACAP can be modeled using
functions for ambient temperatures, volumetric heat generation, and convection
boundary conditions.

Most important to this analysis, ANACAP calculates the cracking potential
of the mass concrete. The principal tensile stress-tensile strain diagram for
cracking potential is shown in Figure 3-1, and the formula for the cracking
potential (CP) is determined by

CP (in percent) =1; / (I, + 1) * 100 3-1
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3.3 Finite Element Model of Snell Monolith N-56

The global FE mesh for Snell Monolith N-56 is shown in Figure 3-2. The
two-dimensional model was developed with symmetry about the center line of
the lock chamber. The model also includes sufficient foundation elements to
reduce interference from the boundaries. In addition, the bottom and side edges
of the FE model are restrained with a displacement boundary condition.

HE1 lea.d W
—rﬂ*j-ﬁ*ﬂ—7*+—T“
SRE dEm S

SHELL LOCE AMDO OAMe ARACAR MISA MODEL

Figure 3-2. Global FE model for Snell Lock Monolith N-56

The local FE model of the lock Monolith N-56 is shown in Figure 3-3. The
FE model accounts for thermal modeling in both the upper and lower culverts as
well as exterior surfaces of the monolith. The FE model contains mainly
quadilateral elements with height/width ratios of unity and a series of triangular
elements on the inclined back slope of the monolith. In additon, the FE mesh has
been refined in the area around the lower culvert to capture the stresses in the
culvert region.

Figure 3-3 also shows the different concrete mixes that were used during

construction. The green represents the placement of the 1956 concrete mix, and
the blue represents the placement of the 1957 concrete mix.

3.4 Placement of Lifts

There were a total of 22 construction lifts in Snell Lock Monolith N-56. The
average lift placement was 5 ft (1.5 m) in thickness. Table 3-1 describes the lift
sequence number, lift height, and date of lift pour for Monolith N56. It is
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Figure 3-3. Local model of Snell Monolith N-56

SPELL E OHLY

interesting to note from Table 3-1 that the placement of concrete at the end of the
1956 construction season continued well into November. This might very well
have played a large factor in leading to the cracking potential during the winter

season.

Table 3-1

Lift Information for Snell Lock Monolith N-56

Lift No. in FE Model
(actual field lifts) Lift Height, ft (m) Date of Lift
1 6 (1.8) 8/7/56
2 5 (1.5) 8/10/56
3 2.5 (1.4) 9/15/56
4 45 (1.4) 9/20/56
5 4.5 (1.4) 10/3/56
6 4.5 (1.4) 10/08/56
7 5 (1.5) 10/17/56
8 5 (1.5) 11/02/56
9 5 (1.5) 11/07/56
10 5 (1.5) 11721756
11 5 (1.5) 4/08/57
12 5 (1.5) 4/12/57
13 5 (1.5) 4/17/57
14 5 (1.5) 4/23]57
15 5(1.5) 4/29/57
16 (16,17) 10 (3) 5/03/57,5/8/57
17 (18,19) 10 (3) 5/17/57 5/24/57
18 (20, 21, 22) 7 (2.1) 6/11/57,6/15/57,6/18/57

Note: Top lifts where merged in FE model due to placement size limitations.
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The lifts of interest for the FE modeling were the completion of the
construction season of 1956 and the winter of 1957 (August 1956 to April 1957),
the end of final lift placement in 1957 (April 1957 to June 1957), and the
compaction of the glacial till backfill in the summer of 1957. Figure 3-4 shows
the first construction sequence with lift number, lift heights, and the number of
hours between lifts. The final lift, Lift 10, was placed on 21 November 1956,
and the partial monolith sat for a duration of 244 days until Lift 11 was poured.

el 153 \Liﬁ 10 (5 ft/ 3312 hours)

\Lift 9 (5 ft/ 336 hours)

\Lift 8 (5 ft / 120 hours)
Lift 7 (5 ft / 384 hours)

/—_—

ift 6 (4.5 ft/ 216 hours)

Lift 5 (4.5 ft / 120 hours)
Lift 4 (4.5 ft / 312 hours)

Lift 3 (4.5 ft/ 120 hours
| Lift 2 (5 ft / 864 hours)

Lift 1 (6 ft/ 72 hours)

Figure 3-4. Construction sequence August 1956 - April 1957 (1 ft = 0.305 m)

Figure 3-5 shows the second construction sequence with lift number, lift
heights, and the number of hours between lifts. The final lift, Lift 18 (actual
lifts 20-22), was placed on 18 June 1956. The backfilling and compaction of the
glacial tills were started right after final lift placement and completed before the
fall of 1957. Figure 3-6 shows the completed Monolith N-56 with backfill.

3.5 Material Properties

The material properties for the concrete were determined from concrete
mixture information and available design studies on Snell Lock. The concrete
was a Type II cement with a dolomite aggregate and did not contain any
pozzolans. The concrete at Snell Lock was batched into both an interior and
exterior mix. The constituents for these mixes are shown in Table 3-2.

Compressive strength data over time were also available from construction
records and testing and recent compressive tests performed by the U.S. Army
Engineer Waterways Experiment Station in 1990 (Mosher, Bevins, and Neely
1991). From this information, a relationship for compressive strength for the
concrete over time can be established for both mixes. Using the American
Concrete Institute relationship (Equation C-2 multiplied by a scale factor of 1.49,
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el 205 Lift 18 (Lifts 20,21,22) (7 £/188 hours)
Lift 17 (Lift 18, 19) (10 £i/384 hours)

Lift 16 (Lift 16,17) (10 /216 hours)
Lift 15 (5 ft/96 hours)

) Lift 14 (5 f/144 hours)
‘ Lift 13 (5 ft/144 hours)
Lift 12 (5 /120 hours)

\ Lift 11 (5 /96 hours)

el 104

Figure 3-5. Construction sequence April 1957-June 1957 (1 ft = 0.305 m)

Figure 3-6. Construction sequence June 1957-Sept/Oct 1957
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Table 3-2

Concrete Constituents for Snell Lock and Dam

Constituent Exterlor Mix Interior Mix
regate, maximum size, in. 6 6

Water-cement ratio, wt 0.49 0.64

Cement factor, bags/cu yd 3.8 2.75

Ratio of fine to total aggregate, % by | 23 23

volume

Air, % 6.1 6.2

Slump, in. 1.5t02.5 1.5t02.5

Coarse aggregate Crushed stone Crushed stone

Fine aggregate Crushed or natural sand Crushed or natural sand

Air-entraining mixture Yes Yes

Note: 1in.=25.4 mm

as discussed in Appendix C) that estimates modulus of elasticity from
compressive strength, the modulus values for the concrete mixes over time can
be determined. These curves and the polynomial fits were used as functions in
the FE model. These curves are shown in Figure 3-7 for the 1956 mix and
Figure 3-8 for the 1957 mix. Also, for the simplification of the FE model, a
60/40 ratio of the mixes was assumed and calculated into the modulus curves.

Snell Lock - Modulus of Basticity
1956 60/40 Mix
7000
6000 +
- v~y
5000 4
__ 4000 .
E ———— Polynomial Fit
Iaooo.. - - -l - - Measured Modulus
2000
1000 -
0 f e ;
0 100 200 300
Time (Days)

Figure 3-7. Modulus of elasticity curve for 1956 mix

Creep and shrinkage testing was not performed, and no information was
available on the concrete mixes at Snell Lock. For these parameters, compari-
sons were made to previous Nonlinear Incremental Structural Analysis (NISA)
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Figure 3-8. Modulus of elasticity curve for 1957 mix

modeling and laboratory testing on more recent lock construction projects.

Based on the concrete type and constituents used at Snell Lock, the properties for
creep and shrinkage in the FE model were based on the Olmsted 3- and 14-day
mixes. In addition, variations to the creep and shrinkage were investigated and
led to minimal varying of results. This information in conjunction with the
modulus is incorporated in the ANACAP model through a young.mix file.

Density data were also available in Design Memorandum 7 for Snell Lock
(U.S. Army Engineer District, Buffalo, 1955). The interior mixture had a density
of 154.6 pcf (2,476.5 kg/cu m), and the exterior mix had a density of 156.4 pcf
(2,505.3 kg/cu m). The FE model used a density of 0.0905 pci
(2,505.03 kg/cu m) assuming the 60/40 mix.

3.6 Thermal Properties

3.6.1 Rock

The properties used for rock foundation in the FE model are shown in
Table 3-3. It is assumed that these properties are not time-dependent and remain
constant during the construction sequence at Snell Lock.
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Table 3-3

Properties for the Rock Foundation

Property Value

Density 0.1 pei (2,767.9 kg/cu m)

Specific heat 0.3 BTU/Ib-°F (920.5 J/kg/°C)
Thermal conductivity 3.0 BTU/in.-day-°F (2.6 J/m-sec-°C)
Coeff. of thermal expansion 5.2E-06 in./in./°F (9.52 E-06 m/m/°C)
Modulus of elasticity 8.4E+06 psi (57,915.96 Mpa)
Poisson’s ratio 0.22

3.6.2 Concrete

The thermal properties for the interior and exterior mixes is based on a
previous thermal study done for Design Memorandum 7 for Snell Lock and
laboratory testing performed at Ohio River Laboratory. Table 3-4 shows the
properties used in the FE modeling for the concrete.

Table 34

Thermal Properties for Mixes at Snell Lock

Property Value

Thermal diffusivity h 0.057 f/hr (5.295 m’/hr)

Specific heat s 0.22 Btu/lb-°F (920.5 J/kg/°C)

Thermal conductivity k
Interior 1.939 Btu/day-°F-ft (3.35 J/m-sec-°C)
Exterior 1.961 Btu/day-°"F-ft (3.39 J/m-sec-°C)
60/40 mix (used in FE model) 3.922 Btu/day-°F-in. (3.39 J/m-sec-°C)

Another important thermal property is the adiabatic temperature rise within
the concrete. The temperature rise is a measure of the heat of hydration of the
cementitious materials. This is an especially important factor when formwork is
present on a mass concrete structure and heat from the hydration is contained
internally within the lift and adjacent pours. Once the forms are removed, the
heat can then be exchanged with the ambient air temperature. The adiabatic heat
rise can be determined using the following equation:

T(n) = {[1.8*C(e)*Aq(n))/s} + T(n - 1) (3-2)
where
T(n) = adiabatic heat rise in °F at heat of hydration
C(e) = cement content in grams per gram of concrete
Aq(n) = heat of hydration
s = specific heat of concrete

Based on this equation, the adiabatic temperature rise based on time in days for
the 60/40 concrete mixes at Snell Lock are shown in Figure 3-9.
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Adiabatic Temperature Rise for Snell Lock and

Dam
50
* L3 L 2
45 PO
'Y {
o**
40 1‘*
<

Temp. Rise (deg F)
N
(3,]

b e + Snell Lock
2
20 3
15 *
»
10 4
5
L 4
0
0 10 20 30 40 50

Time (days)

Figure 3-9. Adiabatic temperature rise for Snell concrete

3.7 Boundary Conditions

Ambient air temperatures were taken from temperature records recorded at
Massena CAA Airport from 1956 to 1957. The minimum and maximum daily
records were developed into temperature functions and incorporated in the FE
model. The FE model was set up to interpolate the temperature records in
quarter-day increments where the maximum temperatures were expected to occur
at 2:00 p.m. and daily minimums at 6:00 a.m. The plots of the daily minimum
and maximum temperatures are shown in Figures 3-10 and 3-11, respectively.
These plots also show the end of 1956 construction, beginning of 1957
construction, and the 32-deg freezing mark. Interesting to note from these
figures is the dramatic variation in temperatures during the period between
150 and 170 days.

3.7.1 Modeling of plywood forms

Additional modeling of the heat transfer through the plywood forms was
accomplished using a convection boundary condition. According to the design
specifications for lift control at Snell Lock, a minimum of 5 days was required
between lifts and forms could not be removed before 14 days. Since no record of
removal of forms exists for Snell Lock, this 14-day rule was adopted for form
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Minimum Daily Temperatures for Snell Lock and Dam
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Figure 3-10. Minimum daily temperatures for Snell Lock
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Figure 3-11. Maximum daily temperatures for Snell Lock

Chapter 3 Smeared Crack Analysis of Snell Lock and Dam

31




32

removal and was modeled into the FE model after each lift placement. Assuming
an average 9-mph (14-km/hr) wind and formwork of %-in. (19-mm) plywood for
insulation, the convection coefficient is 0.1176 Btu/day-in.>-°F.

3.7.2 End of construction earth loading

The earth pressures were applied to the monolith after the final lift was
placed in June 1957. Incremental application of the earth loads was not
performed in the FE model. The loads were included into a boundary condition
load step using both the pressure and shear (traction) components normal to the
surface face of the lock wall.

The earth pressure forces applied to the back of the Snell Lock Monolith
N-56 in the FE analyses are based on field instrumentation data, described in
Chapter 2. Appendix A summarizes the results of equilibrium calculations used
to transform the earth loading from those acting along a plane extending vertic-
ally from the heel of the lock wall up through the backfill, shown in Figure 2-9,
to those forces acting along the backfill-to-lock interface. Both horizontal and
vertical shear resultant forces are included in these transformations. The horizon-
tal earth pressures and downdrag, shear stresses acting along this vertical plane,
are established using horizontal and vertical earth pressure coefficients. No water
loading was applied in this end-of-construction load case.

Appendix A delineates the continuous effective earth pressure o, distribu-

tion with elevation as three discrete distributions, from el 104 to el 120, from

el 120 to el 176.75, and from el 176.75 to el 205. The corresponding resultant
horizontal effective forces F;, Fi,», and F}; and points of action computed for
each of the three pressure segments are identified in Figure A-2 and given in
Table A-1. Values of the resultant water pressure forces shown in F igure A-2 are
also given in Table A-1.

The applied loads are specified in the FE analyses in terms of surface
tractions along the three lock-wall-to-soil-backfill interface regions. These
surface tractions consist of both shear stresses t and total stresses applied normal
to the interface o,. Tables A-4, A-5, and A-6 list the values of the two surface
tractions, G, and t, specified in the FE analyses.

3.8 Results from FE Model

The results for the FE model are presented for three points in the construction
sequence for Snell Lock Monolith N-56. The results presented focus on the
cracking potential of mass concrete and not resultant stresses at the nodes or
integration points. The results will be highlighted with plots of the monolith
overlain by the cracking potential in percent. A legend is presented with the
plots. The color red highlights the area with the highest potential for cracking.
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3.8.1 Day 244 - Snell Lock

The first point during the construction history at Snell Lock is at Day 244
when the partially complete Monolith N-56 was ready for the placement of a new
lift The cracking potential for Snell Lock at Day 244 is shown in Figure 3-12.
This figure shows Monolith N-56 at a time in the sequence that is 138 days from
the placement of Lift 10. Lift 10 was the last lift placed during the 1956
construction season.

CRACE FOTENWTIAL COMTOURS AT STEF 2 TIME = 244, 4

Figure 3-12. Day 244 — end of 1956 construction and winter of 1966/1957

Also, at this point in time, the temperature extremes that occurred during the
winter have subsided and the concrete has reached a mature age. From Fig-
ure 3-12, it appears that the highest potential for cracking exists around the top
and side of the lower culvert. The cracking potential at Day 244 is in the order of
40 to 70 percent in the upper right corner of the culvert.

3.8.2 Day 315 - Snell Lock
The second point during the construction history at Snell Lock is at Day 315
when Monolith N-56 is completed. The cracking potential for Snell Lock at

Day 315 is shown in Figure 3-13. This figure shows Monolith N-56 at a time
that is 71 days from the placement of Lift 11 at Day 245. From Figure 3-13, it
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CRACE, FOTENTIAL CONTOURS AT STEF = 3 TIME =

Figure 3-13. Day 315 — end of 1957 construction

appears that the highest potential for cracking still exists at or around the culvert.
The cracking potential at Day 315 is approximately 60 to 90 percent in the upper
right corner of the culvert where the crack was formed.

3.8.3 Day 316 - backfilling at Snell Lock

The third point during the construction history at Snell Lock is assumed at
Day 316. Day 316 is hypothetical and represents when Monolith N-56 was
completed and backfilled with compacted glacial till. The cracking potential for
Snell Lock at Day 316 is shown in Figure 3-14. This figure shows that the
highest potential for cracking appears to be around the upper corners of the
culvert toward the inclined back face of the lock wall. This was due primarily to
the cantilever load effects from compacted fill. The cracking potential at
Day 316 indicates that the potential is about 70 to 100 percent in the upper right
corner of the culvert. This area of high potential correlates well with the location
of the crack that was later found to exist in Monolith N-56.
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CRACK POTEMTIAL COMTOURS AT STEF

Figure 3-14. Day 316 — application of earth pressures to Monolith N-56

3.9 Conclusions

The FE thermal analysis performed on Snell Lock Monolith N-56 gives the
strong indication that the potential for cracking in the upper right corner of the
lower monolith did exist after the backfilling was complete in 1957. These
results also indicate that microcracks in the mass concrete in the culvert area
were created during the winter of 1956-1957. Upon an increase in stress
intensity due to the backfilling and overcompaction of the glacial till, these
cracks created an expansion of a crack to the inclined surface of the lock wall.
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4 Discrete Crack Analyses of
Snell Lock

4.1 Introduction

This chapter discusses the results of a crack propagation evaluation of Snell
Lock using discrete crack theory, as given by Linear Elastic Fracture Mechanics
(LEFM). A discrete crack model treats a crack as a geometrical entity (American
Concrete Institute 1997 ACI (446.3R-97)). LEFM discrete crack analysis is used
to assess if a crack will propagate or arrest for a given increment of loading.

Cracking potential and crack extent for the lock are assessed for both short-
term, end-of-construction earth loading and long-term earth and water loading.
The Snell Lock monolith selected for analysis is Monolith N-56, located
approximately midway along the 860-ft- (262.13-m-) long lock chamber. The
geometry of this monolith, which is shown in Figure 2-9 and described in
Chapter 2, “Cross Section Used in the Smeared and Discrete Crack Analyses,” is
representative of those defining the lock chamber at Snell.

Figure 2-9 shows a cross section of Monolith N-56. Monolith N-56 is
101 ft (30.78 m) high and has a base width of 62 ft (18.9 m), corresponding to a
base-to-height ratio of 0.61. The top of backfill is level with the top of the lock,
el 205. The base of Monolith N-56 is at el 104. The backfill-to-monolith
interface extends vertically from the heel of the monolith to el 120. Above this
elevation the thickness of the monolith decreases with elevation. Starting at
el 120 the monolith-to-backfill interface is inclined at an angle of 35.18 deg from
vertical to el 176.75. Between el 176.75 and the top of backfill, el 205, the
monolith-to-backfill interface is vertical and the thickness of the monolith is a
constant 16 ft (4.88 m). The top of the 15-ft- (4.57-m-) wide by 16-fi- (4.88-m-)
high culvert used for filling and emptying the lock chamber is at el 132. The
closest distance from the landward-ceiling corner of the filling and emptying
culvert through the mass concrete to the exterior backfilled face of the lock wall
is 14.34 ft (4.37 m).
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4.2 Earth and Water Pressure Loading

The earth and water pressure forces applied to the back of the Snell Lock
Monolith N-56 in the FE analyses are based on field instrumentation data,
described in Chapter 2. Appendix A summarizes the results of equilibrium
calculations used to transform the earth and water loading from those acting
along a plane extending vertically from the heel of the lock wall up through the
backfill, shown in Figure 2-9, to those forces acting along the backfill-to-lock
interface. Both horizontal and vertical shear resultant forces are included in these
transformations. The horizontal earth pressures and downdrag, shear stresses
acting along this vertical plane, are established using horizontal and vertical earth
pressure coefficients. The water pressures acting normal to this vertical plane for
the long-term load case are established based on a steady-state water table at
el 160 and a perched water table at el 173 within the backfill.

Appendix A delineates the continuous effective earth pressure o, distribution

with elevation as three discrete distributions, from el 104 to el 120, from el 120
to el 176.75, and from el 176.75 to el 205. The corresponding resultant horizontal
effective forces Fy;, Fy,, and Fy; and points of action computed for each of the
three pressure segments are identified in Figure A-2 and given in Table A-1.
Values of the resultant water pressure forces shown in Figure A-2 are also given
in Table A-1.

The applied loads are specified in the FE analyses in terms of surface
tractions along the three lock-wall-to-soil-backfill interface regions. These
“surface tractions consist of both shear stresses 1 and total stresses applied normal
to the interface o,. Tables A-4, A-5, and A-6 list the values of the two surface
tractions, o, and 1, specified in the FE analyses.

4.3 Linear Elastic Fracture Mechanics Analysis

One analytical procedure available for use in analyzing hydraulic structures
that may exhibit crack propagation during loading is formulated based on linear
elastic fracture mechanics theory (LEFM). Discrete crack analysis is used to
assess if a crack will propagate or arrest for a given increment of loading. This
analytical procedure has been implemented in the computer program MERLIN
(Reich, Cervenka, and Saouma 1995), which was used for the analyses of Snell
Lock discussed in this chapter. This fracture mechanics method can be used in
structures for which the area surrounding the crack tip is relatively large
compared to the fracture process zone (FPZ) (American Concrete Institute 1997
(ACI 446.3R-97)). For normal-size building members (such as beams and
columns), a nonlinear fracture mechanics is normally required.

The LEFM procedure is an FE method-based procedure to model the
propagation of a discrete crack. Generally, LEFM relates the stress magnitude
and distribution at the crack tip to the nominal stress applied to the structure; to
the size, shape, and orientation of the crack or discontinuity; and to the material
properties. The “demand” due to loading(s) applied to the retaining structure,
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and specifically to the region of cracking, is represented by stress intensity
factors K}, Ky, and Ky for the three cracking modes. Cracking Mode I is an
opening mode, Mode II is a shearing mode, and Mode III is a tearing mode.
Conceptually, the stress intensity factors indicate the rate at which the stress
approaches infinity ahead of the crack tip for each of the three displacement
modes. The stress intensity factors characterize the magnitude of the crack tip
stress field for the potential cracking modes. The “capacity” of the material is
characterized by the fracture toughness K;.. (Values of K}, from select laboratory
and in situ tests on concrete are discussed in Appendix B.) Crack advance is
monitored in an LEFM analysis by comparing the demand to capacity (e.g., K; to
K). When the value for K; is greater than the value for K., the crack advances.
Otherwise, the crack will not advance.

No crack initiation aspect of LEFM is implemented in MERLIN (unlike the
smeared crack theory). To circumvent this limitation, a strength-of-materials
approach is first used fo assess the likely regions of potential cracking within the
monolith. The steps of the analyses proceed as follows: an initial FE mesh of
the concrete monolith is constructed with no discrete cracks and subjected to
gravity loading, followed by earth and water loading. In MERLIN, the gravity
loading is applied as a body force within the elements that compose the lock
model. (MERLIN does not have the capability to do an incremental construction
analysis of the lock that models the placement of concrete in lifts and the matura-
tion of the concrete with time.) The earth and water loading are then applied as
surface tractions along the exterior faces of the lock model. The principal
stresses computed within the monolith by MERLIN are then surveyed for
region(s) of tensile stress using the contour plot capability of Post-MERLIN. If
tensile stresses are to develop within the lock monolith, then these stresses will
be largest normal to principal stress plane(s). If tensile stresses of significant
magnitude are computed within the lock model in the linear FE analysis, a LEFM
analysis of the lock is initiated. The initial FE mesh is then altered for subse-
quent LEFM analyses by introducing a discrete crack within the tensile stress
region identified in the uncracked analysis of the lock monolith. The preproc-
essor for MERLIN is designed to facilitate remeshing of the lock model for the
purpose of introducing (or extending) a discrete crack. The initial discrete crack
is introduced in the mesh and oriented along the plane corresponding to the
principal tensile stress identified in the first FE analysis. This initial LEFM
analysis of the lock model is first subjected to gravity loading, followed by earth
and water loading, and is used to assess if the discrete crack will propagate or
arrest during loading. Recall that crack advance is determined in an LEFM
analysis by comparing the demand to capacity (e.g., K; to K;.). When the value
for K; is greater than the value for K., the crack advances. A second LEFM
analysis is then initiated; and (a) the mesh is again altered by extending the crack
further, (b) the gravity and earth and water loading are reapplied, (c) a new value
of Ky is computed, (d) the newly computed value of K; is then compared to the
value of K. The analysis of crack propagation is terminated when the value of K;
is less than or equal to K.
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4.4 LEFM Analysis of Snell Lock for End-of-
Construction Loading

The first crack extent evaluation of Snell Lock Monolith N-56 is made for
the short-term, end-of-construction earth loading. This load case occurred late in
the fall of 1957, after the completion of lock construction and backfilling, and
prior to flooding of the lock site. Figure 4-1 shows the load cases modeled
through end of construction in the LEFM analyses. The model of the concrete
monolith is first subjected to gravity loading followed by earth loading. No water
pressures are applied to the lock model in this analysis.
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Figure 4-1. Load cases modeled in the FE analyses through end of construction
(1 ft = 0.305 m) where a is the crack length and L is the closest
distance from the landward-ceiling corner of the filling and emptying
culvert through the mass concrete to the exterior backfilled face of
the lock wall

4.4.1 Initial finite element analysis (no cracks)

Figure 4-2 outlines the boundaries of the FE model of Monolith N-56 and of
the rock foundation. The lateral extent of the rock foundation for the FE model is
defined using standard FE analysis criteria for rock-founded earth retaining
structures: (a) by the center line of the lock chamber and (b) by the distance
equal to three times the height of the backfill as measured from the heel of the
lock wall. The horizontal movements along these two vertical boundaries are set
equal to zero for all analyses. The base of the idealized model for the rock
foundation is located at a depth below the base of the lock equal to five times the
width of the lock base. Zero vertical and horizontal displacements are specified
along this horizontal surface in all analyses. Full contact between the base of the
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Figure 4-2. Snell Lock and elastic rock foundation model (1 ft = 0.305 m)

monolith and rock foundation is assumed in this analysis. MERLIN does not
have the capability to do a nonlinear, incremental backfill placement method of
analysis to develop the earth loading. Instead, the backfill is represented in the
FE analyses by means of surface tractions applied along the back of the monolith
and along the backfill-to-rock foundation interface. Appendix A outlines the
calculations used to define the traction acting parallel and normal to the backfill-
to-lock interface. Both horizontal and vertical shear (i.e., downdrag) earth forces
are included in these transformations. Beyond the lock, total overburden pressure
is applied to the top of rock below the backfill in the model.

Figure 4-3 shows the FE mesh used for the initial linear elastic response
analysis of Monolith N-56. This mesh contains no discrete cracks. The FE mesh
comprises 5,183 elements and 10,616 nodal points. Figure 4-4 shows the values
assigned to the variable IMESH along various regions of the model in the
MERLIN preprocessor. The parameter IMESH controls the sizing of the
elements for the FE mesh generated using the preprocessor. Note that the mesh is
finest within the lock region located between the landward-ceiling corner of the
filling and emptying culvert and the exterior backfilled face of the lock wall.
Smaller IMESH values are assigned to this region because of the presence of the
sharp corner for the culvert. This is also the location where the crack formed in
the actual lock structure. Six-noded, linear elastic/plane strain, triangular
elements are used to model the monolith and the rock foundation. The values of
Young’s modulus E for concrete placed below el 153 is assigned an E value of
4,600,000 psi (31,716 Mpa), while E is set equal to 4,200,000 psi (28,958 Mpa)
for the concrete placed above this elevation. Elevation 153 delineates the end of
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Figure 4-3. FE mesh used for the linear elastic response analysis
of Monolith N-56 (Continued)
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c. The region between the landward-ceiling corner of the filling and emptying
culvert and the external backfilled face of the lock wall

»

L.

d. The region adjacent to the landward-ceiling corner of the filling

and emptying culvert

Figure 4-3. (Concluded)
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“Figure 4-4. IMESH values (in inches) assigned to MERLIN preprocessor
(1 inch = 25.4 mm)

Monolith N-56 construction in the fall of 1956 (Figure 4-1a). Construction of the
monolith resumed in the spring of 1957 and was completed by that summer.
These values for E reflect the maturation for the 1956 and 1957 concrete
specimens by the fall of 1957. Details regarding the maturation of concrete are
given in Section 3-5 and Appendix C. A value of Young’s modulus E equal to
8.55 x 10° psi (58,950 Mpa) is assigned to the rock foundation. This value for E
is based on laboratory results on rock specimens recovered from the site in 1990
and tested by Mosher, Bevins, and Neeley (1991). Values for the Poisson’s ratio
of the concrete and rock are set equal to 0.26 and 0.29, respectively.

The self-weight of the monolith is introduced into the FE model of the
monolith and the rock foundation using a gravity turn-on analysis. A unit weight
of concrete equal to 158.3 Ib/f* (2,535.7 kg/m’) is assigned to the monolith. This
is followed by application of the short-term end-of-construction earth loading
given in Appendix A. In this first FE analysis of Monolith N-56 (with no
discrete cracks), tensile stresses are computed within the region adjacent to the
landward-ceiling corner of the filling and emptying culvert. The largest principal
(tensile) stress is computed by MERLIN to be equal to 769.43 psi (5,305 KPa) at
this culvert corner and normal to the plane oriented at 44.45 deg from horizontal.
(MERLIN extrapolates the stress values from the integration points within each
element to the nodal points defining the edge of the element and reports an
“averaged” stress value when nodes are shared by elements.) This value of
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tensile stress is equal to approximately 15 percent of the unconfined compressive
strength of 1-year-old concrete specimens cast in 1956 and representative of the
concrete placed within the landward-ceiling corner of the culvert. Thus, the
tensile stress is deemed of sufficient magnitude to warrant an LEFM analysis.

4.4.2 LEFM analysis with a/L = 0.05

The initial FE mesh (Figure 4-3) is then altered for the first LEFM analysis
by introducing a discrete crack within the tensile stress region located at the
landward-ceiling corner of the culvert. A discrete crack 8.6 in. (0.218 m) long
and oriented at 44.45 deg from horizontal is introduced into the original
(uncracked) mesh using the preprocessor of MERLIN. A crack length a of
8.6 in. (0.218 m) corresponds to 5 percent of the closest distance L from the
landward-ceiling corner of the filling and emptying culvert through the mass
concrete to the exterior backfilled face of the lock wall. This distance L equals
14.34 ft (4.37 m). Figure 4-5 shows the lock wall portion of the resulting FE
mesh used for the first LEFM analysis of Monolith N-56. This figure shows the
displaced mesh after loading is applied. These nodal point displacements have
been multiplied by a factor of 2,000 to allow viewing of the discrete crack in
these figures. This FE mesh comprises 5,669 elements and 11,684 nodal points.
The values assigned to variable IMESH are the same as those given in Figure 4-4
with the exception that IMESH is set equal to 1 in. (25.4 mm) at the crack tip.
(Recall from this figure that IMESH equals 1.5 in. (38.1 mm) at the landward-
ceiling corner of the culvert.) Note the refinement of the resulting mesh within
the lock region located between the landward-ceiling corner of the filling and
emptying culvert and the exterior backfilled face of the lock wall. A very fine
mesh in this region is important to capturing the flow of stresses/strains and
displacements around the culvert corner and the discrete crack.

With a/L equal to 0.05, Figure 4-6 lists the computed values of stress
intensity factors K; and Kj; as equal to 969.6psiw/ in. (1,065.4 KN/m*?) and to

~3.08 psiy/in. (-3.4 KN/m*?), respectively. The value for Ky is quite small

relative to the value for K;. This implies that the Mode I opening mode dominates
the behavior at this crack tip. Recall that the demand due to loading(s) applied to
the retaining structure to the region of cracking is represented by the stress
intensity factor K;. The capacity of the material is characterized by the fracture
toughness Kj.. There are no fracture toughness test results for the Snell concrete.
(To date, fracture testing of concrete using discrete crack methodology is not
routinely made on Corps projects. The engineering procedures and equipment
for this type of advanced testing of concrete were not yet available at the time of
Snell Lock construction (1956-57).) However, a limited review of the literature
on this topic shows the values reported for K}, from appropriate laboratory and
in situ tests on competent concrete typically range from approximately

850 psiy/in. (934 KN/m*?) to 1,400 psi,[in. (1,538 KN/m*?) (Appendix B).
Recall that crack advance is monitored in an LEFM analysis by comparing the
demand to capacity (e.g., K to Ki;). With the computed value for K; being within

the range of likely values for K., crack advance is deemed likely in this
numerical analysis.
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emptying culvert and the external backfili-face of the lock wall

Figure 4-5. Displaced FE mesh of Monolith N-56, a/L = 0.05 (Continued)
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Figure 4-5. (Concluded)
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Figure 4-6. Stress intensity factors and crack orientation, end of construction

(1 kN/m*2 = 0.91 psiyfin.)
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A contour path radius equal to 4 in. (0.102 m) is specified in the MERLIN
analysis of the Figure 4-5 mesh with a crack of length a/L equal to 0.05 (normal-
ized). The contour path radius is measured from the crack tip. In these MERLIN
analyses the S-integral option using the contour integral method of Stern (Stern,
Becker, and Dunham 1976; Hong and Stern 1978) is used to compute the stress
intensity factors for LEFM analysis directly. The contour path radius defines the
location of the integration contour in the analysis. MERLIN locates the
integration contour along the edges of the finite elements that are in close
proximity to the contour path radius. Specifically, the contour path integral uses
the displacement and traction vector information computed along the integration
contour to compute the stress intensity factors. Independent numerical evalua-
tions made by Ebeling' using MERLIN have shown the values computed for X;
and K by the contour integral method can be both mesh dependent and path
dependent. Coarse meshes can result in inaccurate values being computed for the
stress intensity factors. For this analysis the contour path radius is set equal to
approximately half of the length of the discrete crack so that the numerical
evaluations made by the contour integral is at an optimum location relative to the
crack tip and the landward-ceiling corner of the culvert. (Sharp corners introduce
large stress/strain gradients.) Mesh refinement to the degree shown in Fig-
ure 4-5¢ is needed to ensure accuracy for the computed K; and Kj; values.
Changing the value assigned to the contour path radius enables the accuracy of
the results computed by MERLIN to be checked. A 25 percent change in contour
path radius (both inward and outward) did not significantly alter the values
computed for the stress intensity factors. Thus, it is concluded that a sufficiently
fine mesh is being used in this analysis.

The displacement at the top of the lock is directed into the chamber and is
computed to be 0.1603 in. (4 mm) for the mesh with a crack of length a/L equal
to 0.05 (normalized). The increase in wall displacements with the introduction of
the discrete crack is negligible (see the first two data entries in Figure 4-7).

4.4.3 LEFM analysis with a/L = 0.2

The initial LEFM mesh (Figure 4-5) is then altered for the second LEFM
analysis by extending the discrete crack to a total length of 34.4 in. (0.874 m).
The 25.8-in. (0.655-m) extension is oriented at 45.84 deg from horizontal using
the preprocessor of MERLIN. A crack length of 34.4 in. (0.874 m) corresponds
to 20 percent of the closest distance from the landward-ceiling corner of the
filling and emptying culvert through the mass concrete to the exterior backfilled
face of the lock wall (@/L = 0.2). Figure 4-8 shows the lock wall portion of the
resulting FE mesh used for this second LEFM analysis of Monolith N-56. This
figure shows the displaced mesh before and after loading is applied. These nodal
point displacements have been multiplied by a factor equal to 2,000 to allow
viewing of the discrete crack in these figures. This FE mesh comprises 5,951
elements and 12,204 nodal points. The values assigned to variable IMESH are
the same as those given in Figure 4-4 with the exception that IMESH is set

! Personal Communication, 1999, R. M. Ebeling, U.S. Army Engineer Research and
Development Center, Vicksburg, MS.
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Figure 4-7. Horizontal deflection at top of lock wall, end-of-construction loading
(1in.=25.4 mm, 1 ft=0.305 m)

equal to 1.5 in. (38.1 mm) at the crack tip. (Recall from this figure that IMESH
equals 1.5 in. (38.1 mm) at the landward-ceiling corner of the uncracked culvert.)
This results in a sufficiently fine mesh within the lock region located between the
landward-ceiling corner of the filling and emptying culvert and the exterior
backfilled face of the lock wall.

With a/L equal to 0.2, Figure 4-6 lists the computed values of stress intensity
factors K; and K as equal to 1,019 psi\/a. (1,119.7 KN/m3/2) and to

11.91 psi\/E . (13.1 KN/m*?), respectively. The value for Ky is quite small

relative to the value for K, and Mode I opening mode continues to dominate the
behavior at the crack tip. The demand has increased with the extension of the

crack. (Recall that K is 969.6 psi\/E . (1,065.4 KN/m*?) for the shorter crack

with a/L equal to 0.05.) Assuming that the K; value computed for the shorter
crack is sufficient to overcome the fracture toughness of the concrete, the higher
demand computed for this extended crack indicates that the crack will continue to
advance.

A contour path radius equal to 15 in. (0.38 m) (as measured from the crack
tip) is specified in the MERLIN analysis of the Figure 4-8 mesh with a crack of
length a/L equal to 0.2 (normalized). Again, the contour path radius is set equal
to approximately half of the length of the discrete crack. A 25 percent change in
contour path radius (both inward and outward) did not significantly alter the
values computed for the stress intensity factors. Thus, it is concluded that a
sufficiently fine mesh is being used in this analysis.
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b. Region between the landward-ceiling corner of the filling and emptying
culvert and the external backfill face of the lock wall

Figure 4-8. Displaced FE mesh of Monolith N-56, a/L = 0.2 (Continued)

49




50

\VAVAY

N‘ "‘A(A

N/

WAVAY
' % " PAVAY
AT

2 VeaVavy
SN S AN
AV&%!%}M"'
VAV AT o
ANAVLivavane 8

VOSSP
<7 WAVAYAAY YAV v VAN 2
AN avara vty

SRR

SAE

,
>

X
St

X
S

%

E

'
%

\
\ N/
/\/>

0

Y,

K
A
o
VaY,
.

A
g
%

20
Pavd
A
Vava

S
uﬁ"
PAVAS,
INX
Z\/
<
>

A
\/

X
S
A

D
'
YAV,
Vo
&

%
N

AV

Figure 4-8. (Concluded)

¢. Region adjacent to the landward-ceiling corner of the filling and emptying culvert

4.4.4 LEFM analysis with a/L = 0.35

The Figure 4-8 LEFM mesh is altered for the third LEFM analyses by
extending the discrete crack to a total length of 60.2 in. (1.53 m). The 25.8-in.
(0.655-m) extension is oriented at 44.56 deg from horizontal using the
preprocessor of MERLIN. A crack length of 60.2 in. (1.53 m) corresponds to
35 percent of the closest distance from the landward-ceiling corner of the filling
and emptying culvert through the mass concrete to the exterior backfilled face of
the lock wall (a/L = 0.35). The resulting FE mesh (not shown) comprises
5,205 elements and 10,696 nodal points. The values assigned to variable IMESH
are the same as those given in Figure 4-4 with the exception that IMESH is set
equal to 1.5 in. (38.1 mm) at the crack tip and 4 in. (101.6 mm) at the landward-
ceiling corner of the culvert.

With a/L equal to 0.35, Figure 4.6 lists the computed values of stress

intensity factors K; and Kj; as equal to 1,054 psi\/'_m_ .(1,158.1 KN/m*?) and to
12.5 psi\/—i_ﬂ. (13.7 KN/m®?), respectively. The value for Ky is quite small

relative to the value for K;, and Mode I opening mode continues to dominate the
behavior at the crack tip. The demand increases with the extension of the crack.
(Recall that K;is 1,019 psi\/_iﬁ. (1,119.7 KN/m*?) for the shorter crack with a/L
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equal to 0.2.) Assuming that the K; value computed for the shorter crack is
sufficient to overcome the fracture toughness of the concrete, the higher demand
computed for this extended crack indicates that the crack will continue to
advance.

A contour path radius equal to 20 in. (0.51 m) is specified in the MERLIN
analysis of the FE mesh with a crack of length a/L equal to 0.35 (normalized). A
25 percent change in contour path radius (both inward and outward) did not
significantly alter the values computed for the stress intensity factors. Thus, it is
concluded that a sufficiently fine mesh is being used in this analysis.

4.4.5 LEFM analysis with a/L = 0.5

The LEFM mesh is altered for the fourth LEFM analyses by extending the
discrete crack to a total length of 86 in. (2.18 m). The 25.8-in. (0.655-m)
extension is oriented at 43.83 deg from horizontal using the preprocessor of
MERLIN. The resulting FE element mesh (not shown) comprises 5,383 ele-
ments and 11,072 nodal points. The values assigned to variable IMESH are the
same as those given in Figure 4-4 with the exception that IMESH is set equal to
1.5 in. (38.1 mm) at the crack tip and 4 in. (101.6 mm) at the landward-ceiling
corner of the culvert.

With a/L equal to 0.5, Figure 4-6 lists the computed values of stress intensity
factors K; and Ky as equal to 1,172 psi\/—i;. (1,287.8 KN/m3/2) andto 16 psi\/—i_ﬂ.

(17.6 KN/m*?), respectively. The value for Ky is quite small relative to the value
for K;, and Mode I opening mode continues to dominate the behavior at the crack
tip. The demand increases with the extension of the crack. (Recall that K is

1,054 psiy/in. (1,158.1 KN/m>?) for the shorter crack with a/L equal to 0.35.)

Assuming that the K; value computed for the shorter crack is sufficient to over-
come the fracture toughness of the concrete, the higher demand computed for this
extended crack indicates that the crack will continue to advance.

A contour path radius equal to 20 in. (0.51 m) is specified in the MERLIN
analysis of the FE mesh with a crack of length a/L equal to 0.5 (normalized). A
25 percent change in contour path radius (both inward and outward) did not
significantly alter the values computed for the stress intensity factors. Thus, it is
concluded that a sufficiently fine mesh is being used in this analysis.

4.4.6 LEFM analysis with a/L = 0.7

The LEFM mesh is altered for the fifth LEFM analyses by extending the
discrete crack to a total length of 120.5 in. (3.06 m). The 34.5-in. (0.876-m)
extension is oriented at 42.27 deg from horizontal using the preprocessor of
MERLIN. Figure 4-9 shows the lock wall portion of the resulting FE mesh used
for the fifth LEFM analysis of Monolith N-56. This figure shows the
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Figure 4-9. Displaced FE mesh of Monolith N-56, a/L = 0.7 (Continued)
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c. Region adjacent to the landward-ceiling corner of the filling and emptying culvert

Figure 4-9. (Concluded)

displaced mesh before and after loading is applied. These nodal point displace-
ments have been multiplied by a factor equal to 2,000 to allow viewing of the
discrete crack in these figures. The FE mesh comprises 5,219 elements and
10,766 nodal points. The values assigned to variable IMESH are the same as
those given in Figure 4-4 with the exception that IMESH is set equal to 1.5 in.
(38.1 mm) at the crack tip and 4 in. (101.6 mm) at the landward-ceiling corner of
the culvert.

With a/L equal to 0.7, Figure 4-6 lists the computed values of stress intensity
factors K; and Ky as equal to 1,448 psi\/—i;. (1,591 KN/m*?) and 16.7 psi\/E.

(18.3 KN/m*?), respectively. The value for K is quite small relative to the value
for K;, and Mode I opening mode continues to dominate the behavior at the crack
tip. There is a significant increase in demand with this extension of the crack.

(Recall that K; is 1,172 psi\/in. (1,287.8 KN/m*?) for the shorter crack with a/L

equal to 0.5.) Assuming that the K; value computed for the shorter crack is
sufficient to overcome the fracture toughness of the concrete, the higher demand
computed for this extended crack indicates that the crack will continue to
advance.
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A contour path radius equal to 25 in. (0.64 m) (as measured from the crack
tip) is specified in the MERLIN analysis of the FE mesh with a crack of length
a/L equal to 0.7 (normalized). For this analysis the contour path radius is set
equal to approximately half the distance between the tip of the discrete crack and
the backfill face of the lock so that the numerical evaluations made by the
contour integral are at an optimum location (relative to the crack tip and the
backfilled face of the lock). A 25 percent change in contour path radius (both
inward and outward) did not significantly alter the values computed for the stress
intensity factors. Thus, it is concluded that a sufficiently fine mesh is being used
in this analysis.

The displacement at the top of the lock is directed into the chamber and is
computed to be 0.1669 in. (4 mm) for the mesh with a crack of length a/L equal
to 0.7 (normalized). The increase in wall displacements over that computed for
the lock without a discrete crack is negligible (see tabulated results in
Figure 4-7).

The values computed for K; and given in Figure 4-6 show that as the crack
lengthens, the demand increases. Therefore, the discrete crack was not extended
beyond a/L equal to 0.7.

4.5 LEFM Analysis of Snell Lock, Long-term
Loading

The second crack extent evaluation of Snell Lock Monolith N-56 was made
for the long-term earth and water loading. This load case occurred in the 1960°s.
Figure 4-10 shows the load cases modeled through end of construction in the
LEFM analyses. Elevations of the water table in the backfill and the perched
water table are based on field investigations as discussed in Chapter 2. The
model of the concrete monolith was first subjected to gravity loading followed by
earth and water loading.

4.5.1 Initial finite element analysis (no cracks)

The Figure 4-2 outline of the FE boundaries used for the previous series of
end-of-construction analyses is also applicable to the long-term analyses
described in this section. Appendix A outlines the calculations used to define the
tractions acting parallel and normal to the backfill-to-lock interface. These
surface tractions now include water loading due to the water table in the backfill
and the perched water table. Beyond the lock, total overburden pressure is
applied to the top of rock below the backfill in the model. A dewatered lock is
assumed in these series of analyses.

Other than the change in earth loading from end of construction to long-term
earth loading and the introduction of water in the backfill, all FE and LEFM
analyses are the same as described previously. There was no change in the
material parameters for the concrete and the rock. Values assigned to MERLIN’s
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Figure 4-10. Load cases modeled in the FE analyses through long-term loading
(1 ft =0.305 m)

IMESH parameters and contour path radius are also the same as described in all
previous analyses.

An initial uncracked mesh similar to that shown in Figure 4-3 was subjected
first to gravity loads and then to the earth and water loading. In this FE analysis
of Monolith N-56 (with no discrete crack), tensile stresses were computed within
the region adjacent to the landward-ceiling corner of the filling and emptying
culvert. The largest principal (tensile) stress was computed by MERLIN to be
equal to 756.26 psi (5,214 KPa) at this culvert corner and normal to the plane
oriented at 44.73 degrees from horizontal. (This is nearly the same tensile stress
value as computed at the culvert corner in the end of construction analysis,
769.43 psi (5,305 KPa).) However, this value of tensile stress is no longer
15 percent of the unconfined compressive strength of concrete because of the
strength gain with time (see data in Appendix C). Thus, it is concluded that
although the tensile stress is significant, it is not as severe a situation as at the end
of construction when the concrete strength is lower.
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4.5.2 LEFM analysis with a/L = 0.05

The initial FE mesh was then altered for the first LEFM analysis by
introducing a discrete crack within the tensile stress region located at the
landward-ceiling corner of the culvert. A discrete crack 8.6 in. (0.218 m) long
and oriented at 44.73 deg from horizontal was introduced into the original
(uncracked) mesh using the preprocessor of MERLIN. A crack length g of 8.6 in.
(0.218 m) corresponds to 5 percent of the closest distance L from the landward-
ceiling corner of the filling and emptying culvert through the mass concrete to the
exterior backfilled face of the lock wall. The resulting mesh was similar to that
shown in Figure 4-5. With a/L equal to 0.05, Figure 4-11 lists the computed

values of stress intensity factors K; and Ky as equal to 1,035 psi\/E .

(1,137.2 KN/m*?) and to 16.44 psi\/E . (18.1 KN/m*?), respectively. The value
for Ky is quite small relative to the value for K;. This implies that the Mode I
opening mode dominates the behavior at this crack tip. (Recall that values of
fracture toughness K, from select laboratory and in situ tests on competent

concrete typically range in value from approximately 850 psi,/in. (934 KN/m®?)

to 1,400 psi\/—'n; . (1,538 KN/m*?) (Appendix B).) With the computed value for

K; being within the range of likely values for K., crack advance is deemed likely
in this numerical analysis. Additionally, the value of K; computed for the long-
term load case is nearly 7 percent larger than the value computed in the
comparable end-of-construction load case.

2 2
- K, Keq )+ () 0
psi {in | psid in psi{in degrees
200+ 16.44 1035.49 1035.13 44.73
= 10.72 1086.20 1086.05 43.13
180 =4 10.12 1176.16 1176.04 42.0
i 4.63 1334.03 1334.01 41.02
- 20.67 1700.47 1700.13 40.61
b 160
g
E’ GAVQ= 42.3
©
b 140+ s
Keq— K, cos g—% K" cos @ sine
120
104 -
100~ Elastic Rock Foundation

Figure 4-11. Stress intensity factors and crack orientation, long-term loading
(1 kN/m®2 = psiyfin. )
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The displacement at the top of the lock was directed into the chamber and is
computed to be 0.1345 in. (3.4 mm) for the mesh with a crack of length a/L equal
to 0.05 (normalized). The increase in wall displacements with the introduction of
the discrete crack was negligible (see the first two data entries in Figure 4-12).

U, Deflection U,
200 (in) Height
- .1343 .00011081
180 - .1345 .00011097
] .1353 .00011163
N .1363 .00011246
& 160+
< .1382 .00011403
O
B 7 .1424 00011749
[
o 140
120 Height = 101 ft.
1044
100 =
ELASTIC ROCK FOUNDATION

Figure 4-12. Horizontal deflection at top of lock wall, long-term loading
(1in.=25.4 mm, 1 ft = 0.305 m)

4.5.3 LEFM analysis with a/L = 0.2

The initial LEFM mesh was then altered for the second LEFM analyses by
extending the discrete crack to a total length of 34.4 in. (0.874 m). The 25.8-in.
(0.655-m) extension was oriented at 43.13 deg from horizontal using the
preprocessor of MERLIN. A crack length of 34.4 in. (0.874 m) corresponds to
20 percent of the closest distance from the landward-ceiling corner of the filling
and emptying culvert through the mass concrete to the exterior backfilled face of
the lock wall (a/L = 0.2). The resulting FE mesh is similar to that shown in
Figure 4-8. With a/L equal to 0.2, Figure 4-11 lists the computed values of stress

intensity factors K; and K as equal to 1,086 psi\/E. (1,193.3 KN/m*?) and to

10.7 psiJi—n- . (11.8 KN/m*?), respectively. The value for Ky is quite small

relative to the value for K;, and Mode I opening mode continues to dominate the
behavior at the crack tip. The demand increased with the extension of the crack.
Assuming that the K; value computed for the shorter crack is sufficient to
overcome the fracture toughness of the concrete, the higher demand computed
for this extended crack indicates that the crack will continue to advance.
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4.5.4 LEFM analysis with a/L = 0.35

The LEFM mesh used in the second LEFM was altered for the third LEFM
analysis by extending the discrete crack to a total length of 60.2 in. (1.53 m).
The 25.8-in. (0.655-m ) extension was oriented at 42.0 deg from horizontal using
the preprocessor of MERLIN. A crack length of 60.2 in. (1.53 m) corresponds to
35 percent of the closest distance from the landward-ceiling corner of the filling
and emptying culvert through the mass concrete to the exterior backfilled face of
the lock wall (a/L = 0.35). With a/L equal to 0.35, Figure 4-11 lists the computed

values of stress intensity factors K; and Ky as equal to 1,176 psi\/E. (1,292.2

KN/m*?) and to 10.1 psi\/E . (11.1 KN/m*?), respectively. The value for Ky is

quite small relative to the value for K;, and Mode I opening mode continues to
dominate the behavior at the crack tip. The demand continues to increase with
the extension of the crack. Assuming that the K; value computed for the shorter
crack is sufficient to overcome the fracture toughness of the concrete, the higher
demand computed for this extended crack indicates that the crack will continue to
advance.

4.5.5 LEFM analysis with a/L = 0.5

The third LEFM mesh was altered for the fourth LEFM analysis by
extending the discrete crack to a total length of 86 in. (2.18 m). The 25.8-in.
(0.655-m) extension was oriented at 41.02 deg from horizontal using the
preprocessor of MERLIN. With a/L equal to 0.5, Figure 4-11 lists the computed

values of stress intensity factors K; and K as equal to 1,334 psi\[a .

(1,465.8 KN/m*?) and to 4.6 psivVin. (5.1 KN/m* %), respectively. The value for
Ky is quite small relative to the value for K7, and Mode I opening mode continues
to dominate the behavior at the crack tip. The demand increases with the
extension of the crack. Assuming that the K; value computed for the shorter
crack is sufficient to overcome the fracture toughness of the concrete, the higher
demand computed for this extended crack indicates that the crack will continue to
advance.

4.5.6 LEFM analysis with a/L = 0.7

The fourth LEFM mesh was altered for the fifth LEFM analysis by extending
the discrete crack to a total length of 120.5 in. (3.06 m). The 34.5-in. (0.876-m)
extension was oriented at 40.61 deg from horizontal using the preprocessor of
MERLIN. The resulting mesh is similar to that shown in Figure 4-9 used in the
analysis of the end-of-construction load case. With a/L equal to 0.7, Figure 4-11
lists the computed values of stress intensity factors K; and K as equal to

1,700 psiy/in. (1,867.9 KN/m*?) and 20.7 psiy/in. (22.7 KN/m*?), respectively.
The value for Ky is quite small relative to the value for K, and Mode I opening
mode continues to dominate the behavior at the crack tip. There is a significant

increase in demand with this extension of the crack. Assuming that the K; value
computed for the shorter crack is sufficient to overcome the fracture toughness of
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the concrete, the higher demand computed for this extended crack indicates that
the crack will continue to advance.

The displacement at the top of the lock is directed into the chamber and is
computed to be 0.1424 in. (3.6 mm) for the mesh with a crack of length a/L equal
to 0.7 (normalized). The increase in wall displacements over that computed for
the lock without a discrete crack is negligible (see tabulated results in
Figure 4-12).

The values computed for K; and given in Figure 4-11 show that as the crack
lengthens, the demand increases. Therefore, the discrete crack was not extended
beyond a value of a/L of 0.7.

4.6 LEFM Analysis of Snell Lock with the Top-of-
Culvert Geometry in the Shape of a Half-Circle,
Long-term Loading

The linear FE analyses of Snell Lock (with no discrete cracks) show that
large tensile stresses are computed within the region adjacent to the landward-
ceiling corner of the filling and emptying culvert, as shown in Figure 4-13. Peak
tensile stress o, equals 756.25 psi (5,214 KPa) at this corner (Figure 4-14a).
Note that the shape of the culvert of Snell Lock is rectangular (Figure 4-13a or
Figure 4-14a). Sharp corners are known to introduce large stress/strain gradients.
Therefore, an additional analysis was conducted to see if a change in culvert
geometry would reduce crack potential and/or crack propagation. The top of the
culvert was altered from a horizontal surface to a half-circle, as shown in
Figure 4-14b. The center for this half-circle was located midway along the
existing culvert ceiling. The closest distance L from the altered landward-ceiling
geometry of the filling and emptying culvert through the mass concrete to the
exterior backfilled face of the lock wall was maintained at the Snell Lock value
of 14.34 ft (4.37 m). The base of the modified culvert was raised to maintain the
same volume as that of the unaltered rectangular culvert. A linear elastic FE
analysis of this altered lock geometry was conducted for long-term loading using
MERLIN. The results for the hypothetical lock wall with the altered culvert
geometry are summarized in Figures 4-14b and 4-14c and in Figure 4-15. The
results of the original analyses of the rectangular culvert are included in Fig-
ure 4-14a for comparison. The linear FE analysis (with no crack) shows the
culvert geometry to have a significant influence on crack initiation. Eliminating
the sharp corner for the landward-ceiling corner of the culvert reduces the
principal tensile stress from 756.26 psi (5,214 KPa) for the rectangular culvert in
Figure 4-14a to 245.95 psi (1,696 KPa) for the half-circle top of the culvert in
Figure 4-14c. This corresponds to a one-third reduction in principal tensile
stress. Additionally, the principal stress contours are spaced further apart for the
half-circle top of culvert (Figure 4-15b) than the contours for the rectangular
culvert (Figure 4-13b). Note that the magnitude of the largest value of principal
tensile stress for the half-circle top of culvert is well below the capacity of
competent concrete. Thus, alteration of culvert geometry can be used to reduce
the likelihood of crack initiation.
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a. Rectangular filling and emptying culvert

Figure 4-13. Contours of principal tensile stress, psi, rectangular filling and
emptying culvert (Continued)
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b. Region between the landward-ceiling corner of the filling and emptying
culvert and the external backfill face of the lock wall

Figure 4-13. (Concluded)

The results for the LEFM analysis of a discrete crack corresponding to the
normalized crack length a/L of 0.05 are reported in Figures 4-14b and 4-14c.
These results show that the critical location shifts from the former culvert corner,
designated as Point A in Figure 4-14b, to Point B in Figure 4-14c. Point B is at
the 45-deg point along the 180-deg half-circle. The stress intensity factor is

computed to be equal to 1,014 psi\/_i-ﬁ . (1,114.1 KN/m*?). Note that the stress

intensity factor at Point A for the rectangular culvert, with the same crack length
(a/L = 0.05), has nearly the same value for the stress intensity factor,

1,035 psiy/in. (1,137.2 KN/m*?) (Figure 4-14a). This implies that once a
discrete crack (with a normalized length of a/L equal to 0.05) has formed, the
advantage of culvert geometry is nullified. For the given lock wall geometry and
culvert location, the culvert geometry has virtually no impact on the magnitude
of the stress intensity factor. Recall that the stress intensity factor characterizes
the demand in a crack propagation evaluation of the lock wall.
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Elevation, Ft

120+

104+

100
L = 14.34 ft.
Point A Point A
% Keq G Keq
a/lL psi psivin a/L psi psivin
0.00 756.3 - 0.00 26.73 —
0.05 —_— 1035 0.05 —_— 190
a) Rectangular Culvert b) Half-Circle Culvert Ceiling

Point B
a/L pZF; psKie:}F
0.00 245.95 —
0.05 —_— 1014

c) Half—Circle Culvert Ceiling

Figure 4-14. Influence of culvert geometry on tensile stresses and stress
intensity factors for long-term loading (1 MPa = 145.04 psi,

1 kN/m*2 = 0.91 psiyfin.)
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a. Half-circle top of culvert

Figure 4-15. Contours of principal tensile stress, psi, half-circle top of culvert
(Continued)
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b. Region between the top of the curved filling and emptying culvert and the
external backfilled face of the lock wall

Figure 4-15. (Concluded)

In summary, the alteration of culvert geometry can be used to reduce the
likelihood of crack initiation so long as no thermally induced cracks or
construction defects (i.e., cracks or cold joints) are present. However, once a
crack has formed or is introduced at the half-circle top of culvert, the demand for
crack propagation for this altered monolith geometry is nearly the same as for the
rectangular culvert. This research did not explore the effects of altering culvert
location nor altering the thickness of the lock wall.

4.7 Conclusions
The conclusions of the studies described in this chapter are as follows:
a. A crack formed within the lock region located between the landward-

ceiling corner of the filling and emptying culvert and the exterior
backfilled face of the lock wall. The crack intersected the culvert at the
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landward-ceiling corner. The precise trajectory of the crack through the
monolith was not mapped when the crack was discovered in the field.

. Significant tensile stresses were computed within the landward-ceiling
corner culvert region of Snell Lock for both short-term, end-of-
construction earth loading and long-term earth and water loading by linear
FE analysis.

(1) Short-term, end-of-construction analysis. The value of tensile stress
computed within the landward-ceiling corner of the culvert was
769.43 psi (5,305 KPa). The computed tensile stress was equal to
approximately 15 percent of the unconfined compressive strength of
1-year-old concrete specimens cast in 1956. These specimens are
considered representative of the concrete placed within the landward-
ceiling corner of the culvert.

(2) Long-term analysis. The largest computed principal (tensile) stress
was 756.26 psi (5,214 KPa) at the landward-ceiling culvert corner.
This value is nearly the same tensile stress value as computed at the
culvert corner in the end of construction analysis. However, this value
of tensile stress is less than 15 percent of the unconfined compressive
strength of concrete because of the strength gain with time (Chapter 3
and Appendix C).

(3) Thus, it is concluded that although the tensile stress is significant for
long-term loading, it is not as severe a situation as at the end of
construction when the concrete strength is lower.

. With no significant tensile stresses computed along the backfilled face of
the lock wall, the linear FE analyses indicate that cracking is likely to
have initiated at the landward-ceiling corner culvert region.

- For the boundary condition of a crack initiating at the landward-ceiling
comer of the filling and emptying culvert, both series of LEFM analyses
show the demand (i.e., the stress intensity factor) increases with crack
extension. This implies that if the demand is sufficient to overcome the
capacity of the concrete (i.e., the fracture toughness) at the early stages of
cracking, the crack will propagate to the backfilled face of the wall
(assuming a uniform capacity for the concrete within this region).

. The values computed for the stress intensity factors for the long-term
loading analyses are larger than the values computed for the end-of-
construction analyses (e.g., by 6.7 percent for the two analyses with a/L
equal to 0.05 and by 17.4 percent for the two analyses with a/L equal to
0.7). In general, as the crack length increased, the difference in the values
computed for the stress intensity factors for the two load cases increased.

* The closest distance from the landward-ceiling corner of the filling and
emptying culvert through the mass concrete to the exterior backfilled face
of the lock wall is 14.34 ft (4.37 m) and is oriented at 35.2 deg from
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horizontal. The short-term, end-of-construction LEFM analyses indicate
the crack trajectory to average 44.2 degrees from horizontal (Figure 4-6).
The long-term LEFM analyses indicate the crack trajectory to average
42.3 deg from horizontal (Figure 4-11). A factor that may contribute to
the computed cracking trajectory not being the same as the closest
distance is the presence of shearing stresses within this region of the lock
monolith.

. Linear elastic FE analyses and LEFM analyses show that the presence of

the sharp corner for the culvert contributes to the development of
significant tensile stresses within this region of the culvert.

. Changing the geometry of the culvert to one that reduces stress concentra-

tions by improving stress flow around the culvert may significantly
reduce cracking potential. Analyses show that changing the geometry of
the culvert ceiling from flat to a half-circle reduces the principal tensile
stress a factor of one-third. These results also show that the critical
location shifts from the former culvert corner to the 45-degree point along
the 180-degree half-circle.

Once a discrete crack (with a/L equal to 0.05) has formed, the advantage
of the half-circle top-of-culvert geometry is nullified. That is, once a
crack has formed due to thermal loading or is introduced during
construction, the demand for crack propagation within this monolith
geometry is nearly the same demand as for the rectangular culvert.
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5 Summary and Conclusions

5.1 Introduction

This report discusses the results of a crack initiation and propagation
evaluation of Snell Lock, one of the locks on the St. Lawrence Seaway. The rock-
founded, unreinforced concrete gravity lock walls of Snell Lock experienced
cracking as a result of earth loading in excess of those anticipated during structural
design. The objective of this study was to appraise two analytical procedures used
to evaluate the potential for and/or the extent of cracking within massive concrete
structures. Snell Lock was chosen because it is one of the lock case histories in
Ebeling, Patev, and Mosher (1996) for which the earth and water loadings and the
engineering properties for the mass, unreinforced concrete are well defined. A few
years after the lock was put in service, a crack was found to extend from the
landward-ceiling corner of the filling and emptying culvert through the mass
concrete to the exterior backfilled face of the lock wall.

The two analytical procedures available for use in analyzing hydraulic
structures that may exhibit cracking during loading are formulated based on
either the smeared crack theory or the discrete crack theory (American Concrete
Institute 1997 (ACI 446.3R-97)). The procedure based on the smeared crack
theory has been implemented in the computer program ANACAP (ANATECH
Corporation 1997). The second procedure uses the discrete crack theory and has
been implemented in the computer program MERLIN (Reich, Cervenka, and
Saouma 1995).

Cracking potential and crack extent for Snell Lock are assessed for both
short-term, end-of-construction earth loading and long-term earth and water
loading. The Snell Lock monolith selected for analysis is Monolith N-56, located
approximately midway along the 860-ft- (262.13-m-) long lock chamber
(Figure 2-9). The geometry of this monolith is representative of those defining
the lock chamber at Snell.

5.2 Earth and Water Pressure Loading

The earth and water pressure forces applied to the back of Snell Lock Mono-
lith N-56 in the finite element (FE) analyses are based on field instrumentation
data, described in Chapter 2. Appendix A summarizes the results of equilibrium
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calculations used to transform the earth and water loading from those acting
along a plane extending vertically from the heel of the lock wall up through the
backfill, shown in Figure 2-9, to those forces acting along the backfill-to-lock
interface. Both horizontal and vertical shear resultant forces are included in these
transformations. The horizontal earth pressures and downdrag, shear stresses
acting along this vertical plane, are established using horizontal and vertical earth
pressure coefficients. The water pressures acting normal to this vertical plane are
established based on a steady-state water table at el 160 and a perched water table
at el 173 within the backfill.

Appendix A delineates the continuous effective earth pressure o distribution

with elevation as three discrete distributions, from el 104 to el 120, from el 120
to el 176.75, and from el 176.75 to el 205. The corresponding resultant horizontal
effective forces Fy;, Fy,, and F; and points of action computed for each of the
three pressure segments are identified in Figure A-2 and given in Table A-1.
Values of the resultant water pressure forces shown in Figure A-2 are also given
in Table A-1.

The applied loads are specified in the FE analyses in terms of surface
tractions along the three lock-wall-to-soil-backfill interface regions. These
surface tractions consist of both shear stresses T and total stresses applied normal
to the interface G,. Tables A-4, A-5, and A-6 list the values of the two surface
tractions, o, and , specified in the FE analyses.

5.3 Two Analytical Procedures to Analyze
Hydraulic Structures Exhibiting Cracking

One analytical procedure available for use in analyzing hydraulic structures
that may exhibit cracking during loading is formulated based on the smeared
crack theory. This analytical procedure has been implemented in the computer
program ANACAP (ANATECH Corporation 1997).

The smeared crack theory uses a strength-of-materials approach to evaluate
crack initiation potential and/or crack propagation in a material. According to the
theory, cracks may develop on planes on which tensile strain and tensile stress
act. The largest tensile strain(s) and stress(es) will develop on principal planes.
In ANACAP, the potential for cracking is evaluated on the three principal planes
at each integration point within every element composing the mesh for each stage
of loading. ANACAP uses the strains acting on an infinitesimal cube at an
integration point to determine the orientation of the three principal planes. If the
material is isotropic and there is no pre-existing crack, then the three principal
planes of strain and stress are coincident and can be determined from the stresses
acting on the faces of an infinitesimal cube at the integration point. The principal
values for tensile strain and tensile stress on each of the three principal planes are
then compared to the smeared crack criterion specified for the material. Fig-
ure 3-1 shows an example of the criterion used in ANACAP. The diagonal line
distinguishes crack initiation potential in Figure 3-1 and is defined by the two
concrete material properties, the tensile fracture strain g and Youngs modulus
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E(1). If any of these three pairs of principal strains and stresses is tensile (i.e.,
tensile fracture strains and tensile fracture stresses) and exceeds the diagonal
solid line in Figure 3-1, a crack develops on that plane. Otherwise, no cracking
occurs on that plane. Note that crack initiation is an explicit aspect of smeared
crack theory. Chapter 3 summarizes the smeared crack analysis of Snell Lock
using ANACAP.

Another analytical procedure available for use in analyzing hydraulic struc-
tures that may exhibit cracking during loading is formulated based on linear
elastic fracture mechanics theory (LEFM). LEFM discrete crack analysis is used
to assess if a crack will propagate or arrest for a given increment of loading. This
analytical procedure has been implemented in the computer program MERLIN
(Reich, Cervenka, and Saouma 1995). This fracture mechanics method can be
used in structures for which the area surrounding the crack tip is relatively large
compared to the fracture process zone (American Concrete Institute 1997 (ACI
446.3R-97)). For normal size building members (such as beams or columns), a
nonlinear fracture mechanics is normally required.

The LEFM procedure is an FE method-based procedure to model the
propagation of a discrete crack. Generally, LEFM relates the stress magnitude
and distribution at the crack tip to the nominal stress applied to the structure; to
the size, shape, and orientation of the crack or discontinuity; and to the material
properties. The “demand” due to loading(s) applied to the retaining structure,
and specifically to the region of cracking, is represented by stress intensity
factors K, Ky, and K for the three cracking modes. Cracking Mode I is an
opening mode, Mode II is a shearing mode, and Mode II is a tearing mode.
Conceptually, the stress intensity factors indicate the rate at which the stress
approaches infinity ahead of the crack tip for each of the three displacement
modes. The stress intensity factors characterize the magnitude of the crack tip
stress field for the potential cracking modes. The “capacity” of the material is
characterized by the fracture toughness K;.. (Values of K}, from select laboratory
and in situ tests on concrete are discussed in Appendix B.) Crack advance is
monitored in an LEFM analysis by comparing the demand to capacity (e.g., K; to
K:). When the value for K; is greater than the value for Ky, the crack advances.
Otherwise, the crack will not advance.

A limitation of LEFM as implemented in MERLIN is that there is no crack
initiation aspect of the methodology (unlike the smeared crack theory). To
circumvent this limitation, a strength-of-materials approach is first used fo assess
the likely regions of potential cracking within the monolith. Chapter 4 discusses
the use of LEFM as implemented in MERLIN to analyze Snell Lock.

5.4 Smeared Crack Analyses of Snell Lock

The FE thermal analysis performed on Snell Lock Monolith N-56 gives the
strong indication that the potential for a cracking in the upper right corner of the
lower monolith did exist after the backfilling was complete in 1957 (referred to
as end-of-construction earth loading in this report). These results also indicate
that microcracks in the mass concrete in the culvert area were created during the
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winter of 1956-1957. Upon an increase in stress intensity due to the backfilling
and overcompaction of the glacial till, these cracks created an expansion of a
crack to the inclined surface of the lock wall.

5.5 Discrete Crack Analyses of Snell Lock

The conclusions of the discrete crack analyses are as follows:

a. A crack formed within the lock region located between the landward-
ceiling corner of the filling and emptying culvert and the exterior
backfilled face of the lock wall. The crack intersected the culvert at the
landward-ceiling corner. The precise trajectory of the crack through the
monolith was not mapped when the crack was discovered in the field.

b. Significant tensile stresses were computed within the landward-ceiling
corner culvert region of Snell Lock for both short-term, end-of-
construction earth loading and long-term earth and water loading by linear
FE analysis.

M

@

€)

Short-term, end-of-construction analysis. The value of tensile stress
computed within the landward-ceiling corner of the culvert was
769.43 psi (5,305 KPa). The computed tensile stress was equal to
approximately 15 percent of the unconfined compressive strength of
1-year-old concrete specimens cast in 1956. These specimens are
considered representative of the concrete placed within the landward-
ceiling corner of the culvert.

Long-term analysis. The largest computed principal (tensile) stress
was equal to 756.26 psi (5,214 KPa) at the landward-ceiling culvert
corner. This value is nearly the same tensile stress value as computed
at the culvert corner in the end-of-construction analysis. However,
this value of tensile stress is less than 15 percent of the unconfined
compressive strength of concrete because of strength gain with time
(Chapter 3 and Appendix C).

Thus, it is concluded that although the tensile stress is significant for
long-term loading, it is not as severe a situation as at the end of
construction when the concrete strength is lower.

¢. With no significant tensile stresses computed along the backfilled face of
the lock wall, the linear FE analyses indicate that cracking is likely to
have initiated at the landward-ceiling corner culvert region.

d. For the boundary condition of a crack initiating at the landward-ceiling
corner of the filling and emptying culvert, both series of LEFM analyses
show the demand (i.e., the stress intensity factor) increases with crack
extension. This implies that if the demand is sufficient to overcome the
capacity of the concrete (i.e., the fracture toughness) at the early stages of
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cracking, the crack will propagate to the backfilled face of the wall
(assuming a uniform capacity for the concrete within this region).

. The values computed for the stress intensity factors for the long-term
loading analyses are larger than the values computed for the end-of-
construction analyses (e.g., by 6.7 percent for the two analyses with a/L
equal to 0.05 and by 17.4 percent for the two analyses with a// equal to
0.7). In general, as the crack length increased, the difference in the values
computed for the stress intensity factors for the two load cases increased.

" The closest distance from the landward-ceiling corner of the filling and
emptying culvert through the mass concrete to the exterior backfilled face
of the lock wall is 14.34 ft (4.37 m) and is oriented at 35.2 deg from
horizontal. The short-term, end-of-construction LEFM analyses indicate
the crack trajectory to average 44.2 deg from horizontal (Figure 4-6). The
long-term LEFM analyses indicate the crack trajectory to average

42.3 deg from horizontal (Figure 4-11). A factor that may contribute to
the computed cracking trajectory not being the same as the closest
distance is the presence of shearing stresses within this region of the lock
monolith.

. Linear elastic FE analyses and LEFM analyses show that the presence of
the sharp corner for the culvert contributes to the development of
significant tensile stresses within this region of the culvert.

. Changing the geometry of the culvert to one that reduces stress concen-
trations by improving stress flow around the culvert may significantly
reduce the potential for crack initiation in an unreinforced concrete
monolith. Analyses described in Section 4.6 of Chapter 4 show that by
changing the geometry of the culvert ceiling from flat to a half-circle, the
tensile stresses computed at the former location of the landward-ceiling
corner become insignificant. However, the analyses also show that once a
crack has formed (due to thermal loading or introduced during construc-
tion) the demand for crack propagation (expressed in terms of the stress
intensity factor K; in a LEFM analysis) for a monolith with a curved
ceiling culvert is nearly the same demand as for a rectangular culvert.
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Appendix A
Earth and Water Forces

This appendix presents the results of equilibrium calculations used to
transform the earth and water loadings from those acting along a plane extending
vertically from the heel of the lock wall up through the backfill to those forces
acting along the backfill-to-lock interface. Both horizontal and vertical shear
resultant forces are included in these transformations. The Snell Lock monolith
selected for analysis is Monolith N-56, located approximately midway along the
860-ft- (262.13-m-) long lock chamber. The geometry of this monolith is
representative of those defining the lock chamber at Snell.

Figure A-1 shows a cross section of this monolith. Monolith N-56 is 101 ft
(30.78 m) high and has a base width of 62 ft (18.9 m), corresponding to a base-
to-height ratio of 0.61. The top of backfill is level with the top of the lock,
el 205.! The base of Monolith N-56 is at el 104. The backfill-to-monolith inter-
face extends vertically from the heel of the monolith to el 120. Above this eleva-
tion the thickness of the monolith decreases with elevation. Starting at el 120 the
monolith-to-backfill interface is inclined at an angle of 35.18 deg from vertical to
el 176.75. Between el 176.75 and the top of backfill, el 205, the monolith-to-
backfill interface is vertical and the thickness of the monolith is constant.

A.1 Applied Forces

This section describes the computations made to determine the earth and
water pressure forces used in the finite element (FE) analyses of Snell Lock. The
earth and water pressures are defined using field instrumentation data in this
problem along a plane extending vertically from the heel of the lock wall up
through the backfill, as discussed in Chapter 2. The horizontal earth pressures
and downdrag, shear stresses acting along this vertical plane, are established
using horizontal and vertical earth pressure coefficients. The long-term water
pressures acting normal to this vertical plane, are established based on a steady-
state water table at el 160 and a perched water table at el 173 within the backfill.

! Elevations (el) cited in this appendix are in feet referred to the National Geodetic
Vertical Datum (NGVD). To convert to meters, multiply by 0.305.
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The horizontal effective earth pressure o} at any given elevation is given by
c,=K,e0) (A-1)
where

K, = horizontal earth pressure coefficient

]

o, = effective overburden pressure at the specified elevation

The effective overburden pressure o, is computed as

o,=0,-u (A-2)
where

o, = total overburden pressure at the specified elevation

Y = pore-water pressure

The total overburden pressure is computed using a total unit weight equal to
148 1b/ft* (2,370.7 kg/m®) for the soil backfill. The results from in situ testing
(pressure meter testing and hydrofracture testing) at Snell Lock show K, to range
from 0.75 to 1.75, depending upon elevation within the backfill (Figure 2-8). Below
el 145 a K, value equal to 0.75 is assumed. These high lateral earth pressures
resulted from overcompaction of the backfill. In this study, the Figure 2-8 best
estimate for K, as reported by Diviney (1990 after Schmertman 1986)" is used in
both the smeared crack and the discrete crack analyses of Snell Lock. Using the
Figure 2-8 best estimate relationship for K, a horizontal effective earth pressure
o, distribution with elevation was computed along a plane extending vertically

from the heel of the lock wall up through the backfill. The resulting distribution
is nearly the same as the distribution labeled o] mean estimate in Figure 2-7.

The continuous effective earth pressure o distribution with elevation is then

delineated as three discrete distributions, from el 104 to el 120, from el 120 to el
176.75, and from el 176.75 to el 205. The corresponding resultant horizontal
effective forces F;, Fi;, and Fj; and points of action computed for each of the
three pressure segments are identified in Figure A-2 and given in Table A-1.
Values of the resultant water pressure forces shown in Figure A-2 are also given
in Table A-1.

Table A-1 and all subsequent tables list the resultant earth and water forces
for two limiting cases. The first load case listed, referred to as long-term loading,
corresponds to the conditions in the field at the time of the pressure meter and
hydrofracture testing and the measurement of pore-water pressures within the

! References cited in this appendix are included in the References section at the end of
the main text.
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backfill. These field investigations occurred nearly 30 years after lock
construction. The second case listed is referred to as the end-of-construction load
case. It corresponds to loading immediately after lock construction and prior to
flooding of the lock site.

The vertical shear stress T or, equivalently, the downdrag, at any given
elevation is given by

=K, oo, (A-3)
where K, is the vertical earth pressure coefficient.

Downdrag is mobilized in the backfill and along the back face of a concrete wall
due either to the movement of the wall as the backfill is placed, or due to the
settlement of the backfill. Both wall movement and backfill settlement introduce
shear strains in the backfill material, which produce the vertical downdrag stresses
and resultant shear forces. For Snell Lock and other massive concrete gravity lock
walls founded on rock, the major factor in the development of downdrag is the
differential settlement of the backfill adjacent to a roughened concrete lock wall face
during placement and compaction of the soil backfill. No field tests were made at
Snell Lock to determine the level of downdrag developing within the backfill. The
results from the Ebeling, Pace, and Morrison (1997) complete soil-structure
interaction analysis of a lock of comparable wall geometry resulted in the vertical
earth pressure coefficients K, shown in Figure A-3. These values for K, are used to
compute the distributions of shear stress T and the resulting downdrag forces F,
acting along each of the imaginary sections shown in this diagram of Snell Lock.
Values of the Figure A-2 resultant shear forces F, are listed in Table A-1.

Figure A-4 shows the free-body force diagrams for soil block 1 and soil
block 2. Table A-2 gives the values of the forces shown in this figure for soil
block 1. Table A-3 gives the values of the forces for soil block 2.

Figure A-5 shows the free-body force diagram for soil block 1 as well as the
three equilibrium equations used to compute the three unknowns, 7., N;.,, and
Xyi.2. The values of all forces acting on soil block 1 are listed in Table A-2.

Figure A-6 shows the distribution of water pressures acting on the two faces
of soil block 2 for the hydrostatic water table below el 160 and perched water
table below el 173 (applicable to the long-term load case only). The magnitude
of water pressure varies linearly with depth. Values for key water pressures un;
and u,, defining the four boundary water pressure distributions are given in this
figure. A unit weight of water equal to 62.4 pcf (999.55 kg/m®) is used in these
analyses. The resultant forces for each of these distributions are also shown in
the figure. Values of these resultant water pressure forces are listed in Table A-3.
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Figure A-7 shows the free-body force diagram for soil block 2 as well as the
general transformation matrix used to resolve forces defined in the global x-, y-
coordinate system to their force components in the local x’-,y’- coordinate
system. This local coordinate system corresponds to planes parallel and normal to
the lock wall-to-soil block 2 interface. Two unknown forces are shown in this
figure, T3, N, , as well as the unknown point of effective force N application,
Ly». The Figure A-7 water pressure force Us is the resultant of the Figure A-6
water pressure forces Us.ip and Uz.ponom and its point of application is Ly,. Using
the components of forces resolved into the x’-, y’-axes, the three equations of
equilibrium are used to compute the values of T, N,, and Ly,. The resulting

equations are

2E. =0 (A-4)

N, =(UX2_,OP +U s poom)COSA+F,, cosa+ F, sina+W, sina

. (A-5)
+I_,cosa+N,_,sina-U,
ZFY =0 (A-6)
1"2 =_(UX2—tap +UX2-—bottom)Sina_EAZ Sina+E)2 cosx (A 7)
+W,cosa—T_,sina+N,_,cosa
XM, =0 (A-8)

1
Ly, =—Uxss10p Yimot VU s soromYercas +Fiy Yenn +
'N'2 NZ, X2—top “UX2-t X 2--bott UX2-b h2* Fh2 (A-g)

WzXWZ + 7;-2}/:92 +N1-2(40ﬁ_XN1-2)"U2L02]

The values of 72, N, , and Ly and all other forces acting on soil block 2 are
listed in Table A-3.

A.2 Surface Tractions Applied in the FE Analyses

The applied loads are specified in the FE analyses in terms of surface
tractions along the three lock wall-to-soil backfill interface regions. These
surface tractions consist of both shear stresses and total stresses applied normal to
the interface. This section describes the computation of these two surface
tractions.

Figure A-8 shows the distribution of total normal stress o, along the lock
wall-to-soil block 2 interface. A linear variation in total stress normal to the
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interface is assumed. The total normal force N; is equal to the sum of N, plus
U, of Figure A-7. Figure A-8 also lists the equations used to compute the total
stresses at both ends of the linear normal stress distribution using values of total
force N, and its eccentricity from center line of the interface e. The values of N,
and its eccentricity e are given in Table A-4. Values of the total normal stresses
Gn.176.75 and 120, located at either end of the 69.43-ft (21.16-m) long interface,
are also given in Table A-4.

The distribution of shear stress along the lock wall-to-soil block 2 interface
(Figure A-7) is based on the assumption that the effective angle of friction
mobilized along the interface &', is a constant value. The value of &', 1S
computed using the relationship

, T
tan (3,,,) = na (A-10)

2

The previously computed values of T and N, are listed in Table A-4 for both

long-term loading and the end of construction. The values of 8’5, are computed
to be 10.96 deg for long-term loading and 11.29 deg at the end of construction.
To compute the distribution of shear stress T along the interface, the distribution
of normal effective stress o, along the interface is first determined. The
distribution of &, is equal to the Figure A-8 linear total stress distribution o,
minus the Figure A-6 water pressure distribution for the long-term load case.

(For the end-of-construction load case, no water pressures are present in the
backfill. Thus the distribution of & is equal to the linear distribution of o, at the

end of construction.) The distribution of shear stress < along the interface is
proportional to the distribution of normal effective stress o, by the relationship

=0 etan (J,;) (A-11)

Values of T at key elevations along the lock wall-to-soil block 2 interface are
given in Table A-4. A linear distribution in shear stress is assumed between these
key points. On the free body diagram of the lock wall, both the resultant shear
force T, and its corresponding shear stress T distribution are directed downward
along the interface.

In summary, Table A-4 lists the values of the two surface tractions, 6, and T,
specified in the FE analyses. The distributions of stresses are assumed to be
linear between the values given at key elevations along the lock wall-to-soil
block 2 interface.

Table A-5 lists the values of the two surface tractions, ¢, and 1, applied at
key elevations along the upper, vertical lock wall-to-soil block 1 interface in the
FE analyses. The distributions of stresses are assumed to be linear between these
key values. The values of the resultant normal and shear forces for these stress
distributions, Fy;.,, and F, .., respectively, are given in Table A-2 (refer to Figure
A-4).
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Table A-6 lists the values of the two surface tractions, 6, and 1, applied at
key elevations along the lower, vertical lock wall-to-soil block 3 interface in the
FE analyses. The distributions of stresses are assumed to be linear between these
key values. The value of the resultant shear force for the shear stress distribution,
F,;3 is given in Table A-1 (refer to Figure A-4). The value of the resultant total
normal force, corresponding to the total normal stress distribution along interface
3, is equal to the sum of the effective horizontal earth pressure force F,; plus the
water pressure force U,; (values given in Table A-1).

Elevation, ft
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Figure A-1. Two blocks comprising the soil wedge behind Monolith N-56 at
Snell Lock (1 ft = 0.305 m)
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Figure A-2. Resultant horizontal and vertical earth pressure forces and water
pressure forces acting on soil wedge (1 ft = 0.305 m)
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Figure A-3. Vertical earth pressure coefficients within backfill
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Figure A-5. Resultant forces acting on soil block 1 (1 ft = 0.305 m)
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Figure A-7. Resultant forces acting on soil block 2 (1 ft = 0.305.m)
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Figure A-8. Total normal stresses and boundary water pressures on monolith to
soil block 2 interface (1 ft = 0.305)
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Table A-1

Resultant Horizontal and Vertical Earth Pressure Forces and Water
Pressure Forces Acting Along a Plane Extending Vertically from the
Heel of the Lock Wall up Through the Backfill (1 ft = 0.305m, 1 Ib =
4.448 N)

L
a) Horizontal effective earth pressure forces

Fp Yem Fra Yene Frs Yen3
Ibs ft Ibs ft Ibs ft
Long-Term 81,824.71 10.21 307,465.11 23.17 129,225.6 7.83
Loading
End of 81,824.71 10.21 344,002.18 22.15 165,168 7.77
Construction
b) Vertical shear forces
Fyy Fv Fs
Ibs lbs Ibs
Long-Term 590.57 33,751.65 27,568.16
Loading
End of 590.57 38,047.47 35,235.84
Construction

¢) Horizontal water pressure forces

Uztop El Uszpottom El Ua El
Ibs of Uxz.sop Ibs of Uszpottom Ibs of Uss
Long-Term 3,775.2 165.67 49,920 133.33 47,923.2 111.56
Loading
End of 0 - 0 - 0 -
Construction
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Table A-2
Resultant Forces Acting on Soil Block 1 and Along the Lock Wall-to-
Soil Block 1 Interface (1 ft = 0.305m, 1 Ib = 4.448 N)

#

a) Weight of soil block 1

Wi Xw1
Ibs ft
Long-Term 167,240 20
Loading
End of 167,240 20
Construction

b) Forces acting along the soil block 1-soil block 2 interface

Ny Xnt2 T12
Ibs ft Ibs
Long-Term 156,019.2 21.59 0
Loading
End of 156,019.2 21.59 0
Construction

¢) Forces acting along the soil-to-soil free-body vertical section made through the backfill

Fu Fni Yent
Ibs lbs ft
Long-Term 11,811.33 81,824.71 10.21
Loading
End of 11,811.33 81,824.71 10.21
Construction

d) Forces acting along the soil block 1-to-wall interface

Fow Fprw Yent-w
Ibs bs ft
Long-Term 11,811.33 81,824.71 10.21
Loading
End of 11,811.33 81,824.71 10.21
Construction
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Table A-3
Resultant Forces Acting on Soil Block 2 and Along the Lock Wall-to-
Soil Block 2 Interface (1 ft = 0.305 m, 1 Ib = 4.448 N)

L

a) Weight of soil block 2

W, Xwz
Ibs ft
Long-Term 167,980 13.33
Loading
End of 167,980 13.33
Construction

b) Forces acting along the soil block 1-soil block 2 interface

N1z Xtz Ti2
Ibs ft Ibs
Long-Term 156,019.2 21.59 0
Loading
End of 156,019.2 21.59 0
Construction

c) Earth forces acting along the soil-soil free-body vertical section made through the backfill

Fv2 Fpz Yenz
Ibs Ibs ft
Long-Term 33,751.65 307,465.11 2317
Loading
End of 38,047.47 344,002.18 2215
Construction

d) Water pressure forces acting along the soil-soil free-body vertical section made through the backfill

Ux2-tcp EL sz-boﬂom EL
lbs of Usotop Ibs of Uro.top
Long-Term 3,775.2 165.67 49,920 133.33
Loading
End of 0 - 0 -
Construction

e) Earth forces acting along the soil block 2-wall interface

T2 N7 Ly L
lbs lbs ft ft
Long-Term 84,340 435,610 27.13 69.43
Loading
End of 97,740 489,760 29.99 69.43
Construction

f) Water pressure forces acting along the soil block 2-wall interface

U. Luz
lbs ft
Long-Term 65,696.59 19.09
Loading
End of 0 -
Construction
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Table A4

Total and Effective Normal Pressures, Shear Stresses and Resultant
Forces Along the Lock Wall-to-Soil Block 2 Interface (1 ft = 0.305 m,
11b=4.448 N, 1 MPa = 20,885.5 Ibfift?)

#

a) Total normal stresses and resultant normal force

N, e On176.75 Op120
Ibs ft psf psf
Long-Term 501,306.59 8.64 1,829.26 12,611.38
Loading
End of 489,760 8.72 1,738.36 12,369.67
Construction

b) Shear force, normal effective force and the effective angle of friction mobilized along the interface

Tz N% 3’ mob
Ibs Ibs deg
Long-Term 84,340 435,610 10.96
Loading
End of 97,740 489,760 11.29
Construction

c) Stresses along the interface — long-term loading

El On u o'n T
ps psf psf psf
176.75 1,827 0 1,827 354.4
173 2,543 0 2,543 492.3
162.01 4,632 686 3,946 764
161.99 4,632 0 4,632 896.9
160 5,012 0 5,012 970.4
120 12,610 2,496 10,115 1,958.3

d) Stresses along the interface — end of construction

Ei On u o'p T
psf psf psf psf
176.75 1,737 0 1,737 346.6
173 2,440 0 2,440 486.9
162.01 4,500 0 4,500 898.2
161.99 4,500 0 4,500 898.2
160 4,876 0 4,876 973
120 12,371 0 12,371 2,468.8
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Table A-5

Total and Effective Normal Pressures and Shear Stresses Along the
Upper, Vertical Lock Wall-to-Soil Block 1 Interface (1 ft = 0.305 m,

1 MPa = 20,885.5 Ibf/ft?)

e e e

a) Stresses along the upper vertical interface — long-term loading

El O u G’y T
ps psf psf psf
205 0 0 0 0
200 1,017.5 0 1,017.5 148
195 2590 0 2590 296
190 3496.5 0 3496.5 444
185 4144 0 4144 592
180 4440 0 4440 740
176.75 4473.67 0 4473.67 836.2
b) Stresses along the upper vertical interface — end of construction
El oy u o'n T
psf psf psf psf
205 0 0 0 0
200 1,017.5 0 1,017.5 148
195 2590 0 2590 296
190 3496.5 0 3496.5 444
185 4144 0 4144 592
180 4440 0 4440 740
176.75 4473.67 0 4473.67 836.2
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Table A-6

Total and Effective Normal Pressures and Shear Stresses Along the
Lower, Vertical Lock Wall-to-Soil Block 3 Interface (1 ft = 0.305 m,

1 MPa = 20,885.5 Ibf/ft’)

e

a) Stresses along the lower vertical interface — long-term loading

El Gn u o'n T
psf psf psf psf
120 10,059 2,496 7,563 1,613.44
104 12,084.6 3,4944 8,590.2 1,832.58
b) Stresses along the lower vertical interface — end of construction
El On u o'n T
psf psf psf psf
120 9,435 0 9,435 2,012.8
104 11,211 0 11,211 2,391.68
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Appendix B
Fracture Toughness of
Concrete

This appendix discusses the results of laboratory and field tests made to
determine the Mode I fracture toughness of concrete K;.. The value for the
parameter K;, may be viewed as material property used to characterize the
capacity of the concrete against crack propagation in a crack opening mode of
failure. The results of laboratory tests are given in this appendix for large,
unreinforced wedge-splitting concrete specimens tested to failure and for
unreinforced concrete beams tested to failure in three-point bend beam testing. In
addition, a set of results of in situ testing of concrete is also included.

B.1 Saouma, Broz, Bruhwiler, and Boggs (1991)
Wedge-Splitting Test Results

This section summarizes the fracture properties of concrete used in dams
obtained from laboratory experiments of large wedge-splitting specimens with
heights of 12 in. (0.31 m), 36 in. (0.91 m), and 60 in. (1.52 m). One of the
unique aspects of this testing program is that concrete specimens with maximum
size aggregate consistent with the size used in some dams and locks was
included in the testing program. Various concrete mixes of 0.75 in. (19 mm),

1.5 in. (38 mm), and 3 in. (76 mm) maximum aggregate size were investigated.
Two types of aggregates were used in the experimental program, rounded
aggregates and subangular aggregates.

Table B-1 summarizes the results of the concrete material properties for the
three concrete mixes and the mixture batched with quarried subangular
aggregates. The compressive strength, f, the tensile splitting strength Siops

and Young’s modulus E are based on tests made on cylinder specimens
performed according to American Society for Testing and Materials (ASTM)
standards. Tests on the wedge-splitting specimens were used to determine the

1 References cited in this appendix are included in the References section at the end of the
main text.
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Mode I fracture toughness for the various specimens and the specific fracture
energy Gy The wedge-splitting specimen has a large fracture area compared with
the concrete volume, approximately 4.6 times greater than commonly used three-
point bend beam geometry of equal volume. The large fracture area, compared
with the aggregate size and specimen volume, makes the wedge splitting
geometry well-suited for the large maximum size aggregate and specimens under
laboratory conditions, according to Saouma, Broz, Bruhwiler, and Boggs.

Saouma, Broz, Bruhwiler, and Boggs used the compliance method to
compute the fracture toughness K. for each specimen. The specific fracture
energy Gy is defined as the total energy required to break a specimen into halves,
normalized by the projected fracture area. Gyis ideally obtained from the area
underneath the load deformation curve in a direct tension test. Alternatively,
specific fracture energy can also be obtained directly from flexural-based
specimen geometries, such as the wedge-splitting specimen.

Saouma, Broz, Bruhwiler, and Boggs found the fracture toughness K;, and
specific fracture energy Gyto be aggregate and specimen-size independent only if
certain minimum specimen dimensions are exceeded. For all specimens using
the three mixes and containing rounded aggregates, the average values for Kj, are

within a narrow range of 929 to 957 psiﬂ/ in. (1.02 to 1.05 MN/m*?) and have a

coefficient of variation between 14 and 18 percent. However, they appear to be
dependent on the aggregate shape and type. For the two aggregates used in the
experimental program, more energy was required to fracture the subangular
aggregates than to debond the rounded ones. For the specimens made of
Mixture 2 and containing subangular aggregates, the average value for K, is

1,220 psiJ in. (1.34 MN/m*?), with a coefficient of variation of 10 percent.

Aggregate debonding was prevalent in fracture surface of the rounded
specimens; however, aggregate failures were more predominant in the
subangular specimens.

B.2 Slowik, Plizzari, and Saouma (1996) Wedge-
Splitting Test Results

This section summarizes the Mode I fracture properties of concrete obtained
from laboratory experiments of large and small wedge-splitting specimens. The
large concrete specimens possess a height of 36 in. (0.91m) and a width of 24 in.
(0.61 m), while the smaller specimens possess a height of 12 in. (0.31 m) and a
width of 12 in. (0.31 m). The maximum size aggregate used in the concrete mix
is 1 in. (25.4 mm).

Table B-2 summarizes the results of the concrete material properties for the
concrete mix. The compressive strength £, and Young’s modulus E, are based
on tests made on cylinder specimens performed according to ASTM standards.
Tests on the wedge-splitting specimens were used to determine the Mode I
fracture toughness for the various specimens and the specific fracture energy Gy
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The average values for K. are 1,350 psi,/ in. (1.48 MN/m*?) for the large
specimens and 860 psiJ in. (0.95 MN/m*?) for the smaller specimens.

B.3 Refai and Swartz (1988) Three-Point Beam
Bending Test Results

This section summarizes the Mode I fracture properties of concrete beams of
different sizes with constant width (3 in. (76.2 mm)) span-depth ratio (3.75)
tested in three-point bending. One of the unique aspects of this testing program
is that various energy methods are evaluated using the results for beams tested.
In 1988, Refai and Swartz used load-deflection curves to introduce two methods
to estimate the energy-release rate for Mode I fracture. One of the new methods
identified as the energy-release method, which is based directly on the definition
of energy-release rate, gives results which are size independent for precracked
beams and also invariant with crack length.

Tables B-3 and B-4 summarize the results of the concrete material properties
for the three-point beam bending tests on precracked beams and notched beams,
respectively. A single concrete mix was used in this study. The concrete mix has
a maximum size aggregate (crushed limestone) of 0.75 in. (19 mm). The
compressive strength £ , the tensile splitting strength /', and Young’s modulus
are based on tests made on cylinder specimens performed according to ASTM
standards. Tests on the three-point beam bending test specimens were used to
determine the energetic parameter J, by the J-integral method, the specific
fracture energy G the energy release rate Gy, calculated using three different
methods, the fracture toughness in Mode I Ky, and the ratio (KIc)z/Ec. The
average values reported in these tables for G;, computed by the direct energy
method are for beams with a ratio of crack length divided by height of beam less
than or equal to 0.65.

Refai and Swartz conclude from the results listed in Tables B-3 and B-4 that
the general agreement of the values obtained for Jy, Gr, and Gyseems to imply
the validity of the linear elastic fracture mechanics method. The average values
of Mode I fracture toughness are for beam series B, K. = 1,024 psi,/ in.

(1.13 MN/m*?) with a coefficient of variation of 5.5 percent for 19 beams tested,;
and for beam series C, K. = 1,048 psi,/ in. (1.15 MN/m*?) with a coefficient of
variation of 3.5 percent for 19 beams tested. Corresponding values of (Kio)E.
are 0.188 Ib/in. and 0.192 1b/in. Refai and Swartz conclude that these values are
reasonably size independent. They also conclude that the difference between G
and (K;,)*/E, may be attributed to fracture process zone development, which is
also seen to be approximately constant so long as the ratio of crack length
divided by height of beam is less than or equal to 0.65.

Refai and Swartz observe that the energy release method gives consistent
results that are independent of crack length and beam size, as mentioned
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previously. The relatively constant value for G, implies a uniform resistance to
crack growth for varying crack lengths. Both the RIELM and direct energy
results are shown to be affected by crack length and beam size even for
precracked beams. The size effect is not observed for the J-integral, energy
release method or the approximate method.

B.4 Saouma, Broz, and Boggs (1991) In Situ Test
Results

This section summarizes the fracture properties of concrete used in dams
obtained from laboratory experiments of in situ testing on large-scale cubical
concrete specimens. Three concrete mixes of 0.75 in. (19 mm), 1.5 in. (38 mm),
and 3 in. (76 mm) maximum aggregate size were investigated. Only rounded
aggregates were used in the three concrete mixes. Concrete mixtures identical to
those used in the Saouma, Broz, Bruhwiler, and Boggs (1991) study were used in
this study. One of the unique aspects of this testing program is that concrete
specimens with maximum size aggregate consistent with the size used in some
dams and locks were included in the testing program.

Saouma, Broz, and Boggs developed a methodology involving both testing
procedure and data interpretation for fracture testing of concrete specimens in
the laboratory environment under simulated field conditions. The fracture-based
testing procedure involved pressurizing a borehole and recording the diametrical
changes in a large, uniaxially confined concrete cube. The 4.25-in.- (108-mm-)
diameter borehole in the cubical specimen was pressurized using a borehole
dilatometer probe. On the basis of experimental results, effective crack lengths
and corresponding apparent fracture toughness K" values were determined by
application of the compliance method in conjunction with a finite element
calibration. The authors caution that the apparent fracture toughness should not
be confused with the material property, fracture toughness Kj,. K% is
considered to be analogous to the effective stress o’ used in the von Mises and
Tresca failure criteria for describing a complex state through a single value.

Table B-5 summarizes the results of the concrete material properties for the
three concrete mixes and the mixtures batched with rounded aggregates. The
tensile splitting strength f  is based on tests made on cylinder specimens

performed according to ASTM standards. The experimental values Ji o for

each mix are determined from the results of the borehole tests. The authors state
that the higher values for the splitting tensile strengths obtained from the cubical
specimens may result from the confining stresses (100 psi (0.69 MPa)) present in
the cubical specimen. As evidenced by the experimental results, the simulated in
situ conditions in the cube tests affected material response, resulting in measured
tensile strengths that were higher than the splitting strengths obtained from
unconfined specimens tested under laboratory conditions.
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In their 1991 paper describing wedge-splitting tests, Saouma, Broz,
Bruhwiler, and Boggs concluded that the fracture toughness K, is aggregate- and
specimen-size-independent for the three concrete mixtures tested. Saouma,
Broz, and Boggs used the same three concrete mixtures to make the twelve large-
scale cubical concrete specimens (36 by 36 by 45 in. (0.91 by 0.91 by 1.14 m).
Therefore, it is considered appropriate to use the average value for the Mode I
fracture toughness for all 36-in.- (0.91-m-) high wedge-splitting specimens to
characterize all three groups of concrete mixtures used to make the cubical
concrete specimens. For the 36-in.- (0.91 m-) high concrete specimens made
using the three mixes and containing rounded aggregates, Saouma, Broz,
Bruhwiler, and Boggs (1991) found the average value for K}, to be equal to

941 psi«/ in. (1.03 MN/m*?), with a coefficient of variation of 16 percent. The
average value of K;,? for the twelve cubical specimens tested in this study is
equal to 1,389 psi\/ﬁ (1.52 MN/m*?), with a coefficient of variation of 24.5

percent. In summary, the value for the apparent fracture toughness of the cubes is
approximately 50 percent higher than the K;, value determined from the wedge-
splitting specimen tests.
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Table B-1

Fracture Toughness Test Results from Wedge-Splitting Tests by

Saouma, Broz, Bruhwiler, and Boggs (1991) (1 in. = 25.4 mm, 1 MPa

= 145.04 psi, 1 MPa = 0.145 ksi, 1 kN/m*? = 0.91 psi,/in., 1 Ib/in. =

175.13 N/m)
Concrete Mixtures:
1. Water to Cement Ratio (W/C) =0.55
Cement : Sand : Gravel =1:3.10: 3.30 by weight
Maximum gravel size (gravel 1, rounded river) = 0.75 in.
2. W/IC =(.55
Cement : Sand : Gravel 1 : Gravel 2 =1:3.11:243:2.43
by weight

Maximum gravel size (Gravel 2, rounded river
and quarried sub-angular) =1.50 in.
Maximum gravel size (Gravel 1, rounded river) = 0.75 in.

3. W/C =0.55

Cement : Sand : Gravel 1 : Gravel 2 : Gravel 3 =1:3.71:2.63:2.63:2.63

by weight
Maximum gravel size (Gravel 3, rounded river) = 3.00 in.
Maximum gravel size (Gravel 2, rounded river) = 1.50 in.
Maximum gravel size (Gravel 1, rounded river) = 0.75 in.

Concrete Max. f! f,’ » E, K, Gy
Mixture Aggregate size psi psi ksi | psi \/E Ibs/in.
in.
Mixture 1 0.75 3,710 | 407 | 2,610 941 1.08
Mixture 2 1.5 3,600 | 388 | 2,460 929 1.37
Mixture 2 1.5 5317 | 574 | 3,360 1,220 1.58
with subangular
aggregates
Mixture 3 3.0 2,740 | 349 | 2,400 957 1.31
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Table B-2

Fracture Toughness Test Results from Wedge-Splitting Tests by
Sloww, Plizzari, and Saouma (1996) (1 in. = 25.4 mm, 1 Iblyd =0.593
kg/m®, 1 MPa = 145.04 psi, 1 MPa = 0.145 ksi, 1 kN/m*?

0.91 psu/ in., 1 Ib/in. =175.13 N/m)

Concrete Mixture
1. Cement, Typel =590 Ib/yd’
Water =308 Ib/yd’
Gravel 1 (3/16 to 1/2 in.) = 1,034 Ib/yd®
Gravel 2 (1/2 to 1in.) =906 Ib/yd’
Sand (0 to 3/16 in.) = 1,282 Ib/yd®
Specimen Max. f! E, K. Gy
Size Aggregate size psi ksi | psifin. | 1b/in.
in, in.
36 by 24 1 4351 | 2,466 | 1,350 1.17
12by 12 1 4351 | 2,320 | 860 0.9
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Table B-3

Fracture Toughness Test Results from Three-Point Beam Bending
Tests on Precracked Beams by Refai and Swartz (1988) (1 in. =
25.4 mm, 1 MPa = 145.04 psi, 1 MPa = 0.145 ksi, 1 Ib/in. = 175.13 N/m,

1 kN/m*? = 0.91psi,fin., 1 Ibfin. = 175.13 N/m)

Concrete Mixture

Cement type I

W/C =0.50

Specific Gravity, Coarse =2.56

Specific Gravity, Fine =2.65

Specific Gravity, Cement =3.15
Sand-Fineness Modulus =291

Maximum gravel size (crushed limestone) =19.0 mm (0.75 in.)

Maximum sand grain size = not available
Percent Coarse by Weight =47.46
Percent Fine by Weight =32.68
Percent Cement by Weight =13.24
Percent Water by Weight = 6.62
Beam Span Height Width £ £ E
Series Between of of c ‘ A;
Designation | Supports | Beam | Beam pst pst
in, in. in, 045 £
ksi
B 30 8 3 7,700 | 580 5,570
C 45 12 3 7,890 | 546 5,710
Beam J-Integral RILEM Direct Energy | Approximate Ky K. /E,
Series Method Method Energy | Release Method psiy/in. | Ib/in.
Designation Jre Gy Method | Method Gy
Ib/in. With Gr Gr. Ib/in.
Roughness Ib/in. Ib/in.
Factor
of
1.15
Ib/in.
B 0.577 0.748 0.454 0.605 0.868 1,024 | 0.188
C 0.544 0.588 0.362 0.702 0.942 1,048 | 0.192
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Table B4
Fracture Toughness Test Results from Three-Point Beam Bending
Tests on Notched Beams by Refai and Swartz (1988) (1 in. =
25.4 mm, 1 MPa = 145.04 psi, 1 MPa = 0.145 ksi, 1 Ib/in. = 175.13 N/m,

1kN/m*? = 0.91 psi,/in., 1 Ib/in. = 175.13 N/m)

Concrete Mixture

Cement type I

w/C

Specific Gravity, Coarse
Specific Gravity, Fine
Specific Gravity, Cement
Sand-Fineness Modulus

Maximum Gravel Size (crushed limestone)

Maximum Sand Grain Size

0.75 in.
not available

Percent Coarse by Weight =47.46
Percent Fine by Weight =32.68
Percent Cement by Weight =13.24
Percent Water by Weight = 6.62
Beam Span Height Width £ £ E
Series Between of of ¢ ' Af(
Designation | Supports | Beam Beam psi pst
’ in. in. in, 0.45 f;
ksi
B 30 8 3 7,700 | 580 5,570
C 45 12 3 7,890 | 546 5,710
Beam J-Integral | RILEM Direct Energy | Approximate K, K.//E,
Series Method Method Energy Release Method psi \/i—n_. Ib/in.
Designation Jre Gy Method Method G
Ib/in. Ib/in. Gr Gr Ib/in.
Ib/in. 1b/in.
B 0.501 0.388 0.387 0.333 0.622 1,024 | 0.188
C 0.940 0.640 0.538 0.645 1.176 1,048 | 0.192
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Table B5
Fracture Toughness Test Results from In Situ Testing for Fracture
Properties by Saouma, Broz, and Boggs (1991) (1 in. = 25.4 mm,

1 MPa = 145.04 psi, 1 kN/m*? = 0.91psi,[in. )

Concrete Mixtures:

1.

Water to Cement Ratio (W/C) =0.55
Cement : Sand : Gravel =1:3.10: 3.30 by weight
Maximum gravel size (gravel 1, rounded river) =0.75 in.

2. W/IC =0.55
Cement : Sand : Gravel 1 : Gravel 2 =1:3.11:243:2.43
by weight
Maximum gravel size (Gravel 2, rounded river) = 1.50 in.
Maximum gravel size (Gravel 1, rounded river) =0.75 in.
3. W/C =0.55
Cement : Sand : Gravel 1 : Gravel 2 : Gravel 3 =1:3.71:2.63:2.63:2.63
by weight
Maximum gravel size (Gravel 3, rounded river) = 3.00 in.
Maximum gravel size (Gravel 2, rounded river) = 1.50 in.
Maximum gravel size (Gravel 1, rounded river) = 0.75 in.
Concrete Max. s S en K, K. 7P
Mixture Aggregate size psi psi psiy/in. psiy/in.
in.
Mixture 1 0.75 406 509 923 1,290
Mixture 2 1.5 413 505 909 1,480
Mixture 3 3.0 397 378 991 1,260
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Appendix C
Time-Dependent Variation of
Compressive Strength for
Snell Lock Concrete

This appendix presents figures showing the variations of the compressive
strength results with time using data reported by Buck, Mather, and Thorton
(1967)! and by Mosher, Bevins, and Neeley (1991) for tests conducted on Snell
Lock concrete specimens. Snell Lock was constructed during the 1956 and 1957
construction seasons. Each monolith comprises about 60 percent exterior
concrete mixture and 40 percent interior grade concrete mixture.

Figures C-1 through C4 show the time-dependent variation of compressive
strength £ for the 1956 exterior and interior mixtures while Figures C-5 through
C-8 show the variation for the 1957 exterior and interior mixtures. The f;

results for both Snell and Eisenhower Locks are reported in these eight figures.
(Eisenhower Lock data are included for reference only.)

Figure C-1 shows the variation in compressive strength over the first
12 months for the 1956 exterior mixture. Figure C-2 shows these same data
combined with additional 7’ measurements obtained during both the Buck,
Mather, and Thorton 1967 study and the Mosher, Bevins, and Neeley 1991
study.

The value of Young’s modulus E, is known to correlate with the compres-

sive strength. A frequently used relationship to approximate the value for
Young’s modulus in psi is

E, =33w W1, (C-1)

1 References cited in this appendix are included in the References section at the end of
the main text.
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where w. is the weight of concrete in Ib/ft’, equal to 158.3 pef (2,535.7 kg/m’)
for Snell Lock, and f; is the compressive strength in psi. Another frequently
used relationship is

E, =57,000,/f, (C-2)

Mosher, Bevins, and Neeley (1991) conducted laboratory tests to measure
values for Young’s modulus and compressive strength £ using Snell Lock

concrete specimens they recovered from borings in several of the lock monoliths
(Table C-1). The Young’s modulus values measured on ten of the concrete
specimens were found to be in excess of values computed by the authors of this
report using Equation C-1 by an average value of 29 percent (ranging from a low
of 11 percent to a high of 57 percent). These calculations were made using

the f values measured in the laboratory by Mosher, Bevins, and Neeley and are

listed in Table C-1. A similar series of computations was made by the authors of
this report using Equation C-2, and it was observed that the measured Young’s
modulus values exceed the Equation C-2 value by an average of 49 percent
(ranging from a low of 27 percent to a high of 80 percent).

Equations C-1 and C-2 were used by the authors of this report to estimate
values of Young’s modulus using the Snell Lock compressive strengths reported
in Figures C-1 and C-2 for the 1956 exterior concrete mix. When Equation C-1
was used, a factor of 1.29 was applied to the computed results to correct for the
observations described in the previous paragraph. Similarly, a factor of 1.49 was
applied to the results computed using Equation C-2. The results of these
computations are shown in Figures C-1b and C-2b. This approach was used on
all Young’s modulus approximations shown in Figures C-1 through C-8 for the
Snell Lock concrete.

Figure C-3 shows the variation in compressive strength over the first
12 months for the 1956 interior mixture. Figure C4 shows these same data
combined with additional f] measurements obtained during both the Buck,
Mather, and Thorton (1967) study and the Mosher, Bevins, and Neeley (1991)
study. Also shown in these figures are values computed for the Young’s
modulus of Snell concrete using the two widely used relationships given in the
figure multiplied by the previously described correction factors.

Figure C-5 shows the variation in compressive strength over the first
12 months for the 1957 exterior mixture. Figure C-6 shows these same data
combined with additional £, measurements obtained during the Buck, Mather,
and Thorton (1967) study and the Mosher, Bevins, and Neeley (1991) study.
Also shown in these figures are values computed for the Young’s modulus of
Snell concrete using the two widely used relationships given in the figure
multiplied by the previously described correction factors.
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Figure C-7 shows the variation in compressive strength over the first
12 months for the 1957 interior mixture. Figure C-8 shows these same data
combined with additional £/ measurements obtained during the Buck, Mather,
and Thorton (1967) study and the Mosher, Bevins, and Neeley (1991) study.
Also shown in these figures are values computed for the Young’s modulus of
Snell concrete using the two widely used relationships given in the figure
multiplied by the previously described correction factors.
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Figure C-1. Twelve-month variation in compresisve strength and modulus of
elasticity with time for 1956 exterior mixture
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Figure C-2.

Multiyear variation in compressive strength and modulus of elasticity
with time for 1956 exterior mixture with additional f; measurements

from Buck, Mather, and Thorton (1967) and Mosher, Bevins, and
Neeley (1991)
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Figure C-3.

Twelve-month variation of compressive strength and modulus of
elasticity with time for 1956 interior mixture
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Figure C-4. Multiyear variation in compressive strength and modulus of elasticity
with time for 1956 interior mixture with additional f; measurements

from Buck, Mather, and Thorton (1967) and Mosher, Bevins, and
Neeley (1991)
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Figure C-5. Twelve-month variation in compressive strength and modulus of
elasticity with time for 1957 exterior mixture
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Figure C-6. Multiyear variation in compressive strength and modulus of elasticity
with time for 1957 exterior mixture with additional f measurements

from Buck, Mather, and Thorton (1967) and Mosher, Bevins, and
Neeley (1991)
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Figure C-7.  Twelve-month variation in compressive strength and modulus of
elasticity with time for 1957 interior mixture
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Figure C-8. Multiyear variation in compressive strength and modulus of elasticity
with time for 1957 interior mixture with additional f, measurements

from Buck, Mather, and Thorton (1967) and Mosher, Bevins, and
Neeley (1991)
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Table C-1

Evaluation of Scaling Factors for Two Empirical Young’s Modulus
Relationships Using Snell Lock Concrete Data (1 ft = 0.305 m,

1 pcf =16.018 kg/m®, 1 MPa = 145.04 psi)

D e

Measured E Scaling Factor

Snell | Average ' E; Egn. C-1 Eqn. C-2
Specimen| El  |Density 1 million million million Eqn. Eqn.
No. ft pcf psi psi psi psi C-1 C-2
1-50 225 [156.50 | 7420 6.60 5.57 4.91 1.19 1.34
6-52 25.95 |[159.10 | 5940 6.95 5.10 4.39 1.36 1.58
11-54 48.15 | 155.50{ 7460 7.70 5.53 4.92 1.39 1.56
19-56 82,5 |157.40| 7870 6.40 5.78 5.06 1.11 1.27
23-58 98.2 |155.90]| 3730 4.60 3.92 3.48 117 1.32
3-63 10.8 | 162.90 | 8360 7.50 6.27 5.21 1.20 1.44
9-64 35.7 |161.10| 5980 6.45 5.22 4.41 1.24 1.46
12-67 47.9 |158.70| 8590 8.95 6.11 5.28 1.46 1.69
16-69 64.85 |157.20 | 4540 6.90 4.38 3.84 1.57 1.80
17-70 69.35 |155.30| 6260 6.25 5.05 4.51 1.24 1.39
Average = 1.29 1.49
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